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Genetic Predictors of Bevacizumab-Induced Hypertension

Megan Li

Bevacizumab is a vascular endothelial growth factor-specific angiogenesis inhibitor
indicated as an adjunct to chemotherapy for the treatment of several types of cancer.
Hypertension is commonly observed during bevacizumab treatment, and high-grade
toxicity can limit therapy and lead to other cardiovascular complications. The factors that
contribute to interindividual variability in blood pressure response to bevacizumab
treatment are not well understood. To identify novel mechanisms of bevacizumab-induced
hypertension, the research in this dissertation explored genetic variation associated with
the toxicity. A sequencing analysis of whole exomes and candidate gene regulatory regions
identified a genomic region between SLC29A1 and HSP90AB1 containing several variants
associated with hypertension in colorectal cancer patients with extreme toxicity
phenotypes. Functional experiments in human endothelial cells provide evidence that
variation in SLC29A1 (ENT1) expression is associated with altered adenosine signaling that
modulates the synthesis of vasodilatory molecules during bevacizumab treatment. These
results suggest that increased basal expression of SLC29A1 and low extracellular adenosine
levels may sensitive patients to a rise in blood pressure during bevacizumab exposure.
Additionally, a genome-wide association study of a larger, independent cohort of breast
cancer patients identified variants associated with cumulative bevacizumab dose at the
first occurrence of hypertension. Several of these SNPs are located within or near genes of
biological interest (MSH6, SDC4, ASB5, SMYD5) and may highlight additional mechanisms

important in the pathogenesis of the toxicity. Collectively, the studies in this dissertation
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identified novel genetic loci that potentially modify the risk of developing bevacizumab-
induced hypertension. The results of this research will advance understanding of the
biological mechanism of this adverse drug reaction and should be considered in the future

use and development of angiogenesis inhibitors.
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Chapter 1: Hypertension as an Adverse Drug Reaction of Bevacizumab Treatment

1.1 Introduction

Bevacizumab is a vascular endothelial growth factor-specific angiogenesis inhibitor
indicated as an adjunct to chemotherapy for the treatment of several types of cancer.
Hypertension (HTN) is commonly observed during bevacizumab treatment, and high-grade
toxicity can limit therapy and lead to other cardiovascular complications. The factors that
contribute to interindividual variability in blood pressure (BP) response to bevacizumab
treatment are not well understood. Here, we discuss the current literature regarding

bevacizumab and the mechanisms and pharmacogenetics of bevacizumab-induced HTN.

1.2 Bevacizumab

Bevacizumab (Avastin®, Genentech/Roche) is an angiogenesis inhibitor that is approved
for the treatment of patients with metastatic colorectal cancer, advanced nonsquamous
non-small cell lung cancer, metastatic renal cell carcinoma, recurrent glioblastoma,
advanced cervical cancer, and platinum-resistant ovarian cancer?. It is also approved for
treatment of metastatic breast cancer in the European Union and other non-U.S. countries
and was approved for this indication in the United States between 2008 and 2011.
Bevacizumab is typically administered as a solution intravenously in the range of 5-15
mg/kg every 2 or 3 weeks?. The addition of bevacizumab to standard chemotherapy
regimens in the approved indications has been shown to significantly increase overall

survival (0OS), progression-free survival (PFS), and/or overall response ratel.



Bevacizumab is a recombinant humanized monoclonal IgG1 antibody that binds to all
isoforms and bioactive proteolytic fragments of human vascular endothelial growth factor-
A (VEGF), which is essential for both normal and tumor angiogenesis. The antibody
contains human framework regions with mutagenized murine-counterpart residues in six
complementarity-determining regions3. By neutralizing VEGF, bevacizumab prevents the
activation of VEGF tyrosine kinase receptors VEGFR1 (FLT1) and VEGFR2 (KDR) on
endothelial cells. The anti-tumor effect of bevacizumab is primarily attributed to the
inhibition of VEGFR2-mediated angiogenesis? (Figure 1.1), slowing the growth of new
blood vessels and effectively cutting off a tumor’s supply of oxygen and nutrients.
Inhibition of VEGF signaling also improves delivery of cytotoxic drugs by lowering tumor
interstitial fluid pressure and by reducing the number of non-functional tumor blood

vessels.



Bevacizumab

VEGFB J_ VEGFC

PIGF VEGFA VEGFD
VEGFR1 NRP1 VEGFR2 NRP2 VEGFR3
Monocyte migration Vasculogenesis Lymphangiogenesis
Hematopoiesis Angiogenesis Vasculogenesis

Angiogenesis
Tissue-specific release of growth factors
Proliferation in a subset of tumor cell lines

Figure 1.1. VEGF signaling and inhibition by bevacizumab. Vascular endothelial growth
factor (VEGF) receptors are primarily expressed by endothelial cells. VEGFA binds both
VEGFR1 and VEGFR2, though VEGFA-mediated angiogenesis is primarily mediated by

VEGFR2, while VEGFR1 functions primarily as a decoy receptor for VEGFA. Placental growth
factor (PIGF) and VEGFB bind selectively to VEGFR1, and VEGFC and VEGFD bind to
VEGFRS3, a key regulator of lymphangiogenesis. Neuropilin co-receptors NRP1 and NRP2 also
regulate VEGFR signaling. Binding of VEGF by bevacizumab prevents VEGFA-activated
receptor signaling. Adapted from Ferrara et al'.

1.3 Bevacizumab-induced hypertension

The known adverse effects of bevacizumab? are listed in Table 1.1. HTN, or persistent
elevation of arterial BP, is one of the more serious common drug reactions of bevacizumab
treatment. While HTN itself is asymptomatic, unmanaged HTN can lead to cardiovascular
complications. Rare cases of hypertensive crisis with encephalopathy#> and subarachnoid
hemorrhage®-8 have also been reported for bevacizumab. All patients on bevacizumab

treatment are recommended to have BP monitored every two to three weeks and to be



treated with appropriate antihypertensive therapy as needed. Bevacizumab is temporarily
suspended in patients with uncontrollable severe HTN and discontinued in the event of
hypertensive crisis or hypertensive encephalopathy, with no recommended dose
reductions?. Upon discontinuation of bevacizumab, BP typically returns to pre-treatment

levels®.

Drug-induced HTN grades as defined by the National Cancer Institute’s Common
Terminology Criteria for Adverse Events (CTCAE)10 are listed in Table 1.2. HTN of all
grades has been observed in up to 36% of patients treated with bevacizumab!!. The
reported incidence of high-grade (grade 3-4) HTN ranges from 1.8 to 22%12, with up to 1%
of events being grade 413. In a meta-analysis of twenty phase Il and phase III clinical trials,
bevacizumab was reported to increase the risk of high-grade HTN by up to 5.28-fold2.
Similar findings have been reported in other meta-analyses of trials of breast cancer# and

colorectal cancer?® and across multiple indications!1.



Table 1.1. Adverse effects of bevacizumab

Most serious adverse effects Common side effects
* Gastrointestinal perforation * Epistaxis
* Surgery and wound healing * Headache
complications * Hypertension
* Hemorrhage * Rhinitis
* Fistula * Proteinuria

* Arterial thromboembolic events * Taste alteration
* Venous thromboembolic events * Dry skin

* Hypertension * Rectal hemorrhage

» Posterior reversible * Lacrimation disorder
encephalopathy syndrome * Back pain

* Proteinuria » Exfoliative dermatitis

¢ Infusion reactions
* Embryo-fetal toxicity
¢ Qvarian failure

Table 1.2. Assessment of hypertension in the National Cancer Institute’s Common
Terminology Criteria for Adverse Events version 3

Grade 1 Grade 2 Grade 3 Grade 4 Grade 5
Asymptomatic, Recurrent or
transient (<24 hrs) persistent (=24
increase by >20 hrs) or
mmHg symptomatic Requiring more | Life-threatening
(diastolic) or to increase by >20 | than one drug or | consequences
>150/100 if mmHg (diastolic) more intensive (e.q., Death
previously or to >150/100 therapy than hypertensive
WNL' if previously WNL' previously crisis)
Intervention not Monotherapy may
indicated be indicated

"WNL: Within normal limits

The time to BP elevation upon receiving bevacizumab varies but is frequently observed
within the first cycle of therapy®. The toxicity appears to be dose-dependent, with a
reported 7.5-fold increase in all-grade HTN risk in patients treated with high-dose (= 10

mg/kg) bevacizumab compared to a 3-fold increase in patients receiving low-dose (< 10



mg/kg) bevacizumab!!. In the same meta-analysis, the development of grade 3 HTN was
observed in 8.7% of low-dose patients and 16.0% of high-dose patients. Development of
HTN has also been associated with cumulative dose of bevacizumab16-18. Other studies have
demonstrated no dose effect®. Regardless, high-grade HTN is still consistently observed at

low doses!1.12,19,

HTN also occurs during treatment with other VEGF pathway inhibitors?, including
aflibercept, a soluble decoy receptor that binds VEGF, and VEGF receptor tyrosine kinase
inhibitors (RTKI) such as sunitinib, sorafenib, pazopanib, axitinib, cediranib, motesanib,
and vandetanib. The frequency of HTN during treatment with VEGF RTKIs ranges from 15
to 60%°%2%, with a greater incidence observed during treatment with more potent inhibitors
such as axitinib, cediranib, and pazopanib?122, suggesting that HTN is primarily an on-

target effect of VEGF inhibition.

In most patients treated with VEGF inhibitors, elevated BP can be controlled with standard
antihypertensive medications?3. Patients who develop HTN or a significant rise in BP from
baseline are recommended to initiate antihypertensive therapy, have current
antihypertensive therapy titrated to better control, or have another agent added®. Early
initiation of antihypertensive therapy has been shown to reduce complications, even in life-
threatening cases of encephalopathy?4, and to prevent or minimize HTN while continuing
bevacizumab treatment?>26, All major classes of antihypertensive agents, including
angiotensin-converting enzyme (ACE) inhibitors, angiotensin Il receptor blockers (ARBs),

beta blockers, calcium channel blockers, and thiazide diuretics, have been successfully used



to treat angiogenesis inhibitor-induced HTN®. No specific antihypertensive agent provides
superior control of bevacizumab-induced HTN, though different classes have been
proposed or recommended against as first-line treatment, primarily for other related
effects. For example, ACE inhibitors are recommended for treatment of proteinuria (also
induced by bevacizumab)??, while there is caution against use of the calcium channel
blocker nifedipine, which has been shown to induce VEGF secretion?®. Long-acting oral
nitrates have also been reported to successfully restore BP to baseline levels in patients
with HTN refractory to combination treatment with ACE inhibitors and calcium channel

blockers28:29,

Demographic and clinical risk factors for VEGF inhibitor-induced HTN are derived from
those of primary HTN, including age, body mass index (BMI) and abdominal obesity, family
history of and/or preexisting cardiovascular disease, dyslipidemia, diabetes mellitus,
preexisting renal conditions, and cigarette smoking?22. Preexisting HTN has been shown to
correlate directly with the development of treatment-related HTN2230.31, Tumor type has
also been suggested to have a role, with the highest risk of bevacizumab-induced HTN

being reported in patients with renal cell carcinoma and breast cancers!232,

1.4 Hypertension: Primary, secondary, and monogenic forms

Bevacizumab-induced HTN is a type of secondary HTN, or HTN related to a specific known
etiology. Primary or essential HTN is elevated BP of unknown etiology. While the
mechanisms of drug-induced HTN may differ from those causing primary HTN, the

pathophysiological and genetic factors contributing to both types may overlap, and any



factors underlying primary HTN may be exacerbated by drug treatment. Thus, an
understanding of primary HTN is necessary to formulate questions related to

bevacizumab-induced HTN.

HTN is generally defined as systolic BP = 140 mmHg or diastolic BP 2 90 mmHg.
Approximately one billion adults worldwide have HTN33, and about one-third of adults (80
million) in the United States have high BP34. Most patients have primary HTN, while about
10% of HTN cases result from secondary causes3°. While a rise in BP is generally
asymptomatic, it becomes a major risk factor for cardiovascular disease and stroke,

accounting for 9.4 million deaths worldwide each year33.

Numerous risk factors for the development of primary HTN include age, race and ethnicity,
family history, increased weight, physical inactivity, tobacco use, psychosocial stressors,
lower education and socioeconomic status, and dietary factors (e.g., dietary fats, higher
sodium intake, lower potassium intake, and excessive alcohol intake)34. Common causes of
secondary HTN are kidney disease, endocrine disease, congenital vascular defects, sleep
apnea, and pharmacological causes3®. Drugs that can elevate BP include anti-cancer agents
(including bevacizumab), nonsteroidal anti-inflammatory drugs and analgesics,
antidepressants, glucocorticoids, licorice, sex hormones, immunosuppressive agents,
erythropoietin, anti-retroviral treatment, cocaine, caffeine, alcohol, salt-containing

medications, and certain herbal products3®.



Dysregulation of sodium and fluid balance and vasomotor tone have been implicated in the
development of primary HTN, with multiple interacting pathophysiological mechanisms
contributing to the alteration of both systems?’. A detailed list of such mechanisms is

provided in Table 1.3.

Table 1.3. Pathophysiological mechanisms of primary hypertension

* Increased sympathetic nervous system activity and imbalance of the autonomic
nervous system

* Overproduction of sodium-retaining hormones and vasoconstrictors

* Increased or inappropriate renin secretion inducing increased production of
angiotensin Il and aldosterone

» Deficiencies of vasodilators, such as prostacyclin, nitric oxide, and natriuretic
peptides

* Alterations in expression of the kallikrein—kinin system that affect vascular tone
and renal salt handling

* Abnormalities of resistance vessels, including selective lesions in the renal
microvasculature

* Increased activity of vascular growth factors

» Alterations in adrenergic receptors that influence heart rate, cardiac output, and
vascular tone

* Altered cellular ion transport

» Structural and functional abnormalities in the vasculature, including endothelial
dysfunction, increased oxidative stress, vascular remodeling, and increased
arterial stiffness

HTN has also been attributed to genetics. Family and twin studies estimate BP to be
moderately heritable (30-50%)38. The prevalence of HTN differs among racial groups,
further suggesting a genetic contribution to HTN risk. Non-Hispanic blacks have a higher
prevalence of HTN (42%) than non-Hispanic whites (28%), Hispanics (25%), and non-

Hispanic Asians (25%)3°.



Monogenic forms of HTN have been mapped using linkage analysis and sequencing to at
least 28 loci near genes primarily related to renal and adrenal mechanisms regulating
sodium homeostasis38. Many of these variants are gain-of-function mutations leading to
increased mineralocorticoid activity or production. Exome sequencing has identified
mutations in kelch-like 3 (KLHL3)*%41 and cullin 3 (CUL3)*0 proteins that cause
pseudohypoaldosteronism type II, an autosomal dominant form of HTN associated with
hyperkalemia, nonanion gap metabolic acidosis, and increased salt reabsorption by the
kidney. Exome sequencing also identified gain-of-function somatic mutations in a K*
channel (KCNJ5)*? causing aldosterone-producing adenomas, a subtype of primary

aldosteronism resulting from dysregulation of Na* and Cl- absorption and plasma volume.

While single, highly penetrant mutations causing monogenic syndromes are well
characterized, the genetic architecture of primary HTN is still poorly understood. A
Gaussian distribution of BP in the general population supports a polygenic basis for the
trait, with monogenic diseases representing an extreme tail of the phenotype. Many
genome-wide association studies (GWAS) have been performed to identify common single
nucleotide polymorphisms (SNPs) with more modest effects on BP. Some of the earlier
large-scale studies are summarized in Table 1.4. A number of more recent GWAS43-47 have
brought the total count of genetic loci associated with primary HTN or BP to more than
100. Many of these loci are in or near genes that encode proteins within pathways or
systems with a physiological relation to BP (e.g., renal salt handling or the renin-
angiotensin system), although most are noncoding SNPs with unknown functional effects.

All identified common variants together still only explain less than 5% of the total variance

10



in BP48, leaving much of the genetic contribution to BP variability unexplained. More
recently, studies of primary HTN using sequencing or exome arrays have been performed
to identify rare variants contributing to variability in BP (Table 1.5). Future sequencing
initiatives in substantially larger sample sizes may uncover even more low frequency

variants associated with primary HTN.
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Table 1.4. Major genome-wide association studies of hypertension and blood pressure

Discovery . .. .
Study cohort size Loci containing top associations
Wellcome Trust Case . . N
. NP th - f
Control Consortium (2007)49 1,952 No SNPs with genome-wide significance
Framlnsggham Heart Study 1,260 No SNPs with genome-wide significance
(2007)
CHARGE Consortium 29 136 ATP2B1, CYP17A1, PLEKHA7, SH2B3,
(2009)*" ’ CACNB2, CSK-ULK3, TBX3-TBX5, ULK4
Global BPGen Consortium 34 433 CYP17A1, CYP1A2, FGF5, SH2B3, MTHFR,
(2009)% ’ C100rf107, ZNF652, PLCD3
SLC39A8, ATP2B1, GNAS-EDN3, CYP17A1-
International Consortium for NT5C2, MTHFR-NPPB, HFE, C100rf107, FGFS,
} CYP1A1-ULK3, CACNB2 (3'), SH2B3, FURIN-
EJ%Od : ressu rt‘.e G‘;?O(Te _ 60395 | FES FLJ32810-TMEM133, PLEKHA7, ADM,
Ide Association studies: ’ NPR3-C50rf23, EBF1, PLCE1, BAT2-BATS,
Systolic BP, diastolic BP MOV10, ZNF652, TBX5-TBX3, CACNB2 (5,
(2011) JAG1, GUCY1A3-GUCY1B3, MECOM, SLC4A?,
GOSR2, ULK4
International Consortium of
Blood Pressure Genome- CHIC2, PIK3CG, NOV, ADAMTSS, MAPA4,
Wide Association Studies: 74,064
. ADRB1, FIGN
Mean arterial pressure,
pulse pressure (2011)>
Asian Genetic Epidemiology
Network Consortium: 19.608 ST7L-CAPZA1, FIGN-GRB14, ENPEP, NPR3,
Systolic BP, diastolic BP ’ TBX3
(2011)*®°
Asian Genetic Epidemiology
Network Consortium: Mean 26.600 ATP2B1, NT5C2, CYP17A1, FGF5
arterial pressure, pulse ’
pressure (2013)%°
Continental Origins and
Genetic Epidemiology 29,378 EVX1-HOXA, ULK4, RSPO3, PLEKHG1, SOX6

Network (2013)%’
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Table 1.5. Rare variant studies of primary hypertension and blood pressure

Discovery Loci containing top

Study Study design cohort size associations

Ji et al (2008)*® | Targeted sequencing 3,125 SLC12A3, SLC12A1, KCNJ1

Morrison et al

(2014)® Targeted sequencing 4,178 No significant findings

Whole-exome

Yu et al (2016)60 17,956 | CLCN6

sequencing
Liu et al (2016)*” | Whole-exome array 146,562 | NPR1, DBH, TPMT1
Surendran et al Whole-exome array 192,763 RBMA47, COL21A1, RRAS,

(2016)* A2ML1, ENPEP

Several classes of drugs are used to treat primary HTN, including ACE inhibitors, ARBs, beta
blockers, calcium channel blockers, and thiazide-type diuretics. Recommended treatment
guidelines differ by racial subgroup®?, and pharmacogenetic variants have been associated
with response to HTN treatment®2-64, further suggesting genetic differences contributing to

HTN risk.

1.5 Hypothesized mechanisms of bevacizumab-induced hypertension

BP regulation entails complex physiology, and the mechanisms by which bevacizumab
causes HTN remain unclear. The prevailing hypothesis for the mechanism of bevacizumab-
induced HTN is an increase in vascular tone due to inhibition of VEGF-mediated
vasodilation. Direct administration of VEGF has been shown to induce vasorelaxation and
lower BP65-67, Bevacizumab inhibited VEGF-induced vasodilation, measured by outer vessel
diameter, in pig retinal arterioles®8, and local administration of bevacizumab in humans

rapidly decreased endothelium-dependent vasodilation®®. Thus, inhibition of VEGF

13



signaling and decreased endothelium-dependent vasodilation may result in overall

vascular resistance and the development of HTN.

VEGF signaling through VEGFR2 promotes vascular permeability and vasodilation’%7! in
endothelial cells via the downstream release of the vasodilator molecules nitric oxide (NO),
produced by endothelial nitric oxide synthase (eNOS)7273, and prostacyclin (PGIz)7475,
generated from cyclooxygenase-catalyzed arachidonic acid metabolism (Figure 1.2). NO
and PGI; act in a paracrine fashion on adjacent vascular smooth muscle cells to stimulate
signaling that ultimately results in vasorelaxation?¢. Addition of bevacizumab to human
umbilical vein endothelial cells (HUVEC) has been shown to reduce VEGFR2
phosphorylation’” and decrease NO production’8. Administration of an anti-VEGFR2
antibody in mice resulted in a rapid rise in BP as well as reduction of eNOS and neuronal

NO synthase expression in the kidney7°.
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Figure 1.2. Mechanism of VEGF-mediated vasodilation. Activation of VEGF receptor 2
(VEGFR2) induces cell proliferation, migration and survival, and vascular permeability, leading
to angiogenesis. Signaling through phospholipase C (PLC)-y activates protein kinase C (PKC)

by the generation of diacylglycerol (DAG) and increases the concentration of intracellular

calcium (Ca?") via inositol 1,4,5-triphosphate (IPs). PKC activation, increased Ca®*, and
activation of the PI3K-Akt pathway lead to phosphorylation and activation of endothelial nitric
oxide synthase (eNOS) and generation of nitric oxide (NO). PKC also activates the
Ras/MEK/ERK pathway, which in turn upregulates cytosolic phospholipase A2 (cPLA,). cPLA,
releases arachidonic acid (AA) from phospholipids, which is acted on by cyclooxygenases
(COX-1/COX-2) to generate prostaglandin H, (PGH.), which is then converted to prostacyclin
(PGly) by prostacyclin synthase (PGIS). NO and PGl diffuse to adjacent smooth muscle cells,
where NO activates soluble guanylate cyclase (sGC), leading to cGMP synthesis. PGl, binds to
prostacyclin receptors (IP), which activate adenylyl cyclase (AC) and increase cAMP synthesis.
cGMP and cAMP lead to decreased intracellular Ca®* concentrations, which induce
vasorelaxation.
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While many studies have shown a decrease in eNOS activity and NO production during
VEGF pathway inhibition, others have shown that both NO-dependent and NO-independent
vasodilation are reduced®’. Therefore, other endothelial signaling pathways adjacent to
VEGF signaling have been proposed to contribute to a decrease in vasodilation. One such
pathway focuses on the action of endothelin-1 (ET-1). ET-1 exerts its effects on
neighboring vascular endothelial and smooth muscle cells via activation of ETa and ETg
receptors®l. In smooth muscle, where both ETa and ETg receptors are expressed, ET-1 acts
as a vasoconstrictor, while in endothelial cells, which express only ETg receptors, ET-1
promotes vasodilation®1-83, VEGF has been shown to influence ET-1 expression, though the
relationship is not entirely understood. Plasma concentrations of ET-1 have been reported
to increase following administration of the VEGF RTKI sunitinib in patients84, but VEGF also
induced ET-1 expression in cultured endothelial cells8’. Ongoing research is being
conducted to elucidate the role of ET-1 in the onset of HTN during inhibition of VEGF

signaling80.84385,

While inhibition of VEGF-mediated vasodilation is the dominant hypothesis for the
pathophysiology of bevacizumab-induced HTN, it has yet to be established as the sole cause
of the toxicity. Like primary HTN, bevacizumab-induced HTN could result from alterations
in multiple tissue or organ systems. Other hypotheses proposed to contribute to
bevacizumab-induced HTN include other sources of endothelial and vascular dysfunction.
Microvascular rarefaction, or the reduction of capillary density, is a consequence of
inhibiting VEGF8687, which is required for endothelial cell survival’788, Decreased

microcapillary density may lead to increased systemic vascular resistance and pressure in
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larger vessels. A rise in BP accompanied by a decrease in dermal capillary density has been
observed after six months of bevacizumab treatment®?. Arterial stiffness, possibly resulting
from changes to extracellular matrix or matrix-interacting proteins, can also contribute to a
systemic rise in BP?0. Increased vascular stiffness has been observed in patients treated
with the VEGFR2 inhibitor sorafenib?l. Oxidative stress and the production of abnormal
levels of reactive oxygen species (ROS) may also contribute to the development of HTN,
possibly through ROS-mediated apoptosis of endothelial cells®2 or excess oxidation of NO?3,

decreasing its bioavailability for vasodilator tone.

Alterations in renal structure or function may also contribute to the development of
bevacizumab-induced HTN. VEGF expression in kidney endothelial cells and podocytes is
needed to maintain normal glomerular structure and function®*. Local genetic ablation of
VEGF in kidney podocytes has been shown to lead to glomerular injury and elevated BP in
mice®®. Other mechanisms similar to those that cause primary HTN, including disruption of
the renin-angiotensin system or pressure-natriuresis relationship, may also underlie
bevacizumab-induced HTN. These changes may be influenced by downregulation of NO,
which directly affects tubuloglomerular feedback, pressure natriuresis, and sodium
balance®®. Mice treated with a VEGFR2 inhibitor have displayed a reduction of kidney eNOS
and neuronal NOS expression and a shift in the chronic pressure-natriuresis relationship?°.
Similarly, administration of sunitinib in rats resulted in renal histological abnormalities
and increased arterial pressure, and treatment of cultured human renal proximal tubular

epithelial cells with sunitinib reduced VEGF-induced eNOS protein expression?7.
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1.6 Pharmacogenetics of bevacizumab and VEGF inhibitor toxicity

While there already exists supporting evidence for the mechanism of bevacizumab-induced
HTN, it remains unknown why such great interindividual variability in BP elevation exists
among patients treated with bevacizumab. The consistent fraction of patients that
developed high-grade HTN across multiple clinical trials of bevacizumab!21° suggests that

genetic variation may influence the risk and severity of bevacizumab toxicity.

The pharmacokinetics of bevacizumab are well-described by a linear two-compartment
model®8. Bevacizumab elimination relies on proteolytic catabolism throughout the body
and is also regulated by FcRn-receptor-mediated recycling!3. Body weight and gender
explain most of the interindividual variability in bevacizumab clearance and volume?®8, and
thus bevacizumab is administered on a mg/kg basis. Serum albumin, alkaline phosphatase
(ALP), serum aspartate aminotransferase (AST), and tumor burden have also been
reported to affect clearance rates??. None of these factors are expected to have a significant
impact on unbound VEGF levels or efficacy®8. Genetic variants affecting the binding
affinities of VEGF1%0 or FcRn?? have been suggested to influence bevacizumab

pharmacokinetics, but a significant correlation has yet to be established.

Studies of variation in bevacizumab pharmacodynamics also have not yet yielded any
validated markers to predict bevacizumab efficacy or toxicity. Attempts to identify tumor-
derived biomarkers have been unsuccessfull0l. Because bevacizumab targets host-
mediated angiogenesis, predictors of both efficacy and toxicity are likely to be host factors.

In searching for genetic biomarkers of bevacizumab-induced HTN, prior studies have
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primarily focused on common functional SNPs in VEGFA and KDR, as these genes encode
the most direct targets of bevacizumab, VEGF and VEGFR2. Several VEGFA polymorphisms
(rs699947, rs833061, rs1570360, rs2010963, rs3025039) located in the promoter and 5’
and 3’ untranslated regions are associated with differential VEGF expression and serum
levels102-108, Two nonsynonymous functional variants in KDR are also commonly examined
in relation to bevacizumab-induced HTN. rs2305948 (V297], exon 7) results in an amino
acid change in the third immunoglobulin (Ig)-like domain of VEGFR2, which is critical for
binding of the VEGF ligand109.110, rs1870377 (H472Q, exon 11) affects the fifth VEGFR2 Ig-
like domain, which contains structural features that inhibit VEGFR2 signaling in the

absence of VEGF111,

Previous studies of bevacizumab-induced HTN have identified significant associations
between VEGFA/KDR SNPs and incidence of the toxicity (Table 1.6). Schneider et al
identified associations between rs833061 and rs2010963 with incidence of grade 3-4 HTN
in the ECOG-2100 trial of bevacizumab and first-line paclitaxel in patients with metastatic
breast cancer19l, Jain et al performed a meta-analysis of bevacizumab treated patients
across six different trials and identified carriers of VEGFR2 H472Q (rs1870377) as having
greater risk of developing grade 2+ HTN112, Etienne-Grimaldi et al genotyped women with
locally recurrent or metastatic breast cancer receiving bevacizumab-containing therapy
and found a significant association between rs2010963 and all-grade HTN113, though with
the opposite direction of effect as reported by Schneider et al. In an analysis of
bevacizumab-treated patients with metastatic colorectal cancer, Morita et al identified

rs699947 and rs833061 to be associated with early grade 2+ HTN (during the first two
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months of treatment) and rs699947and rs3025039 to be associated with grade 2+ HTN
during the entire treatment period1%; the rs833061 effect direction agreed with that of
Schneider et al. Sibertin-Blanc et al identified an association of rs3025039 with incidence of
all-grade HTN in metastatic colorectal cancer patients!!4, with a direction of effect that
contradicts that in the Morita et al study. Finally, Gampenrieder et al found an association
between rs2010963 and the incidence of bevacizumab-induced HTN in metastatic breast
cancer patients!15, with a direction of effect that agrees with Schneider et al but not

Etienne-Grimaldi et al.

More recent studies have expanded the set of examined genes beyond VEGFA and KDR.
Lambrechts et al tested 236 SNPs in VEGF pathway and HTN-related genes in a meta-
analysis of six trials of bevacizumab treatment16, No SNP surpassed the adjusted
significance threshold, but SNPs in EGLN3, EGF, WNK1, and KDR had the strongest
associations with all-grade HTN. Schneider et al expanded their initial study to a GWAS of
bevacizumab-treated breast cancer patients in ECOG-5103. A SNP in SV2( associated with
high systolic BP in the discovery study and was validated for association with grade 3-4

HTN in a subset of ECOG-2100 patients7,

20



¢.,(9102)

1€0°0 pesealou| +€opelo  |(99) £9601028! V493N 0l €9l 2 Jo JopaLiibduies
220°0 mo@mﬁﬂov opesb-ly  |(DD) 6805Z0€S! Y4DIA ol 68 »(§100)
paseoIoU] /e Jo oue|g-uiuaqIS
(esop aAneINWNg) | (8sop aAleINWND
OLX /LY ‘TTHH BHww , (¥102)
% (Kieuiq) KIBUIG €€ HO) 091 < dS (9) ¥0ZESH9SI OZAS zle018 z8S 26 a__o__mccom
¢.0L X0'9 pasealou|
. (L¥'1L HO) i
8200 paseaU| speib-|ly (1) 0957901 1S4 LYNM
_ (290 HO)
apelb- S
0200 pasEsInaq] pe.b-jiv (1) 6¥650€ZSI 4aX - . ., (7102)
. ANm._‘ N_Ov — A v - /e J© Ssjydaiquier]
GzZ00'0 peSEaIOU| pesb-v 9) €06¥¥¥¥s 493
. (05’1 HO) i
2100 DaSEaIOU| speib-lly (D) 669089181 ENTOT
€v0°0 pasealdsa( +Z 9pelo (00) 6£0520€S! V493N
GZ0'0 pasealoa( +z opesb Ape3 | (L1) 190€€8s! V493N
. g 09 a0, (C10C) [& 35 ejIoN
€00 poseered +C 9PEIO (02) 1¥6669S! V493N
¥00°0 pasealo9( +Z opelb Aleg 90} Ly
. ) (1102)
100 pasealou| apelb-||v (D) £960102S! V493N S L€l (2 J6 Iplewus SuLonS
¥510°0 (2 ¥O) +Z pEID (V) £2£0281S1 4@ Z 0Ll (0102) & Jo uter
paseaiou| zh :
S00°0 paseaload +€9peio  [(0D) £960102S! ¥4DIAN ) coe 10,(8002)
2200 pasealoaq +€ dpelo (L1) 190€€8sI Y493A [B 18 J8pIduyos
anjea-d S adfjouayd (adAjouab/ajajie) pajsa) syoalqns Apmg
uoneloossy NLH NLH dNS pajeloossy SdNS ‘N ‘N

uoisuapuadAy paonpul-gewnzidoeAaq Jo saipnjs a3auabooeweyd snolnaid "9'L d|qel

21



Genetic associations with HTN toxicity have also been reported during treatment with
VEGF RTKIs. SNPs in VEGFA, KDR, and NOS3 (eNOS) are associated with sunitinib-induced
HTN118-121 Variants in hepatic and renal drug metabolizing enzymes and transporters also
associate with RTKI toxicities122123, though these are not expected to affect bevacizumab

pharmacokinetics.

In summary, four regulatory VEGFA SNPs, a nonsynonymous KDR SNP, and an intronic
variant in SV2(C have been significantly associated with incidence of bevacizumab-induced
HTN. An intronic KDR SNP and several SNPs in other VEGF (EGLN3) or HTN (EGF, WNK1)
pathway genes were modestly associated with the toxicity. However, the effect directions
of several of these findings are discordant, and no association has been replicated
consistently across multiple studies. Given the complexity of primary HTN, the genetic
architecture contributing to bevacizumab-induced HTN is also likely to be polygenic.
Therefore, further research on this phenotype is warranted in additional cohorts and in an

expanded set of genes.

1.7 Hypertension as a marker of bevacizumab efficacy

Clinical, radiological, and molecular markers have been examined to identify biomarkers or
other surrogate markers to predict bevacizumab efficacy. Genetic markers, most of which
consist of the VEGFA functional polymorphisms mentioned above, have been significantly
associated with improved OS and PFS in several studies24-127, However, few of these

pharmacogenetic findings have had consistent results.
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The relationship between bevacizumab-induced HTN and efficacy has also been examined,
with the development of HTN being proposed as a surrogate marker for the inhibition of
the VEGF signaling pathway28. Multiple studies and meta-analyses have identified
associations between bevacizumab-induced HTN and longer PFES, OS, or response ratel2°-
132 though other studies found no consistent correlation between HTN and clinical

benefit1219,

If the development of HTN is indeed predictive of improved clinical outcomes, cases of
high-grade HTN that would normally prompt discontinuation of bevacizumab treatment
may instead warrant more aggressive treatment of HTN. Dose titration of bevacizumab
while closely monitoring BP has been proposed to improve outcomes!33. Because
bevacizumab-induced HTN is hypothesized to be an on-target drug effect, identification of
genetic variants that influence both BP and efficacy may enable prediction of both toxicity

and efficacy prior to treatment.

1.8 Research motivation and focus of this dissertation

Bevacizumab is used for the treatment of multiple tumor types, with HTN being frequently
observed during treatment. The development of high-grade HTN may put a patient at risk
for serious cardiovascular events and damage to other organ systems. The toxicity may also
require discontinuation of bevacizumab, limiting its therapeutic benefits. There are
currently no validated biomarkers to predict bevacizumab toxicity, and the factors that
contribute to interindividual variability in BP elevation during treatment are not well

understood. Further research on the risk factors and mechanisms of bevacizumab-induced
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HTN are necessary to minimize the number of patients impacted by this dose-limiting

toxicity.

Although prior studies have identified common variants associated with bevacizumab-
induced HTN, such findings have been inconsistent and require further validation. Given
the heritable but complex nature of primary HTN, the genetic architecture underlying
bevacizumab-induced HTN is also likely to be polygenic. Additional examination of genetic
variation in non-VEGF pathways and of rare variants with potentially large phenotypic

effects may identify novel mechanisms contributing to bevacizumab-induced HTN.

In this dissertation research, the hypothesis that genetic variation contributes to the risk of
developing bevacizumab-induced HTN was tested with the following research aims:

1. Identify genomic regions associated with severe, early-onset bevacizumab-induced
HTN by analyzing sequenced whole exomes and candidate gene regulatory regions of
bevacizumab-treated colorectal cancer patients with extreme toxicity phenotypes
(Chapter 2).

2. ldentify common variants associated with bevacizumab-induced HTN by analyzing
GWAS data from a larger, independent cohort of bevacizumab-treated breast cancer
patients (Chapter 4). This approach accounted for cumulative bevacizumab dose and
study discontinuation for non-HTN causes using a time-to-event outcome.

3. Examine the potential functional effects of top SNPs identified in Aims 1 and 2
through literature searches and in silico analyses using publicly available

bioinformatics data (Chapters 2 and 4).
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4. Replicate the top associations identified in Aims 1 and 2 by testing for association in
independent bevacizumab-treated cohorts (Chapters 2 and 4).

5. Validate previously reported genetic associations with bevacizumab-induced HTN by
testing for association in bevacizumab-treated cohorts (Chapters 2 and 4).

6. Determine whether the modulation of a gene identified in Aim 1 affects markers of
VEGF-stimulated vasodilation following bevacizumab treatment in an in vitro system.
Vascular endothelial cells were assayed for changes in NO and PGI; during

overexpression or pharmacological inhibition of the target gene/protein (Chapter 3).

Collectively, these studies identified novel genetic loci associated with bevacizumab-
induced HTN and provided functional evidence for a novel mechanism of this toxicity. The
results of this research will advance understanding of the biological mechanism of
bevacizumab-induced HTN and should be considered in the future use and development of

angiogenesis inhibitors.
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Chapter 2: Identification of Genomic Regions Associated with Bevacizumab-Induced

Hypertension by Exome Sequencing

2.1 Abstract

Bevacizumab is a vascular endothelial growth factor-specific angiogenesis inhibitor
indicated as an adjunct to chemotherapy for the treatment of several types of cancer.
Hypertension (HTN) is commonly observed during bevacizumab treatment, and high-grade
toxicity can limit therapy or lead to other cardiovascular complications. The factors that
contribute to interindividual variability in blood pressure response to bevacizumab
treatment are not well understood. To identify genomic regions associated with
bevacizumab-induced HTN risk, sequencing of whole-exome and candidate gene regulatory
regions was performed on 61 bevacizumab-treated colorectal cancer patients (19 cases
who developed early-onset grade 3 HTN and 42 controls who had no reported HTN in the
first six cycles of treatment). SNP-based tests for common variant associations and gene-
based tests for rare variant associations were performed in 174 candidate genes.
Additional subsets of variants were analyzed by exploratory approaches utilizing
functional predictions and several rare variant association methods. Four variants in
independent linkage disequilibrium blocks between SLC29A1 and HSP90AB1 showed
substantial differences in allele frequency between cases and controls. Validation in larger
bevacizumab-treated cohorts demonstrated association between one of these variants
(rs9381299) with early grade 3+ HTN or with systolic blood pressure > 180 mmHg. These
SNP regions are enriched for regulatory elements in vascular endothelial cells that may

potentially increase gene expression. Although this study was not powered to detect
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significant exome-wide associations, these results suggest that the genomic region between
SLC29A1 and HSP90AB1 may be a key target for further investigation into the pathogenesis

of bevacizumab-induced HTN.

2.2 Introduction

Bevacizumab is a recombinant humanized monoclonal antibody that targets human
vascular endothelial growth factor-A (VEGF), preventing its binding to VEGF receptor 2
(VEGFR2)L. The development of hypertension (HTN) is frequently observed?3 during
treatment with bevacizumab and may lead to serious cardiovascular complications. Upon
blood pressure elevation, bevacizumab is either held temporarily or discontinued#, thereby
limiting therapy that may otherwise be beneficial. There are currently no validated
biomarkers to predict bevacizumab toxicity, and the factors that contribute to
interindividual variability in blood pressure response to bevacizumab treatment are not

well understood.

Prior studies have evaluated and identified associations between HTN incidence during
bevacizumab treatment and common candidate single nucleotide polymorphisms (SNPs) in
genes encoding VEGF (VEGFA)>° and VEGFR2 (KDR)1%; however, the directions of effect for
several of these findings are discordant. More recent studies utilizing expanded candidate
gene and genome-wide strategies have identified a risk variant in SV2C!! and modest
associations in EGLN3, EGF, and WNK112, Given the heritable but complex nature of
primary HTN, the genetic architecture underlying bevacizumab-induced HTN is also likely

to be polygenic. Additional examination of genetic variation in non-VEGF pathways and of
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rare variants with potentially large phenotypic effects may identify novel mechanisms

contributing to bevacizumab-induced HTN.

The development of next generation sequencing methods permits direct interrogation of
variants, including rare variants, which are not captured on genotyping arrays. Although
whole genome data still presents bioinformatic challenges, restriction of sequencing to the
protein-coding exome and regulatory regions reduces the bioinformatic complexity and
focuses on variants that are most likely to be functional. Exome sequencing has been used
to identify genetic associations in complex phenotypes including cholesterol levels?3,
myocardial infarction4, and schizophrenial>. Use of exome sequencing in pharmacogenetic
traits has been recently reported for warfarin response’¢, clopidogrel responsel?, drug-
induced long QT interval syndrome?8, and gemcitabine/carboplatin-induced
myelosuppression!®. Therefore, this approach may also identify novel and rare variants in

genes contributing to bevacizumab-induced HTN.

In this study, whole exomes and candidate gene regulatory regions were sequenced in
bevacizumab-treated subjects with the objective of identifying genes harboring multiple
variants associated with severe, early-onset bevacizumab-induced HTN. In silico functional
analyses provide evidence for the potential involvement of the most significant genomic

region in this dose-limiting toxicity.

2.3 Materials and Methods

2.3.1 Patient population
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The patient cohort for this study was selected from the bevacizumab arm of CALGB 80405
(Alliance; NCT 00265850), a phase IlI trial conducted to determine if the addition of
cetuximab to FOLFIRI or FOLFOX chemotherapy prolongs survival compared to FOLFIRI or
FOLFOX with bevacizumab in patients with untreated advanced or metastatic colorectal
cancer who have K-ras wild type tumors (Figure 2.1). This trial has been previously
described in detail20.21, All patients in the current study were also enrolled in a
pharmacogenetic companion study (CALGB 60501) embedded within CALGB 80405.
Subjects in the bevacizumab arm received 5 mg/kg bevacizumab IV every 2 weeks with
FOLFOX or FOLFIRI every 2 weeks; each treatment cycle was 8 weeks. Out of 899 patients
accrued into the bevacizumab arm, DNA was available from 581 patients. The protocol was
approved by the National Cancer Institute’s Adult Central Institutional Review Board and
by local institutional review boards, as appropriate. All participants provided written

informed consent for pharmacogenetic sample procurement and analysis.
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CALGB 80405

P

Arm A Arm B
Bevacizumab + Cetuximab +
FOLFOX/FOLFIRI FOLFOX/FOLFIRI

v

5 mg/kg BV every 2 weeks
1 cycle = 8 weeks

= Grade 3-4:
48 (5%)

Figure 2.1. CALGB 80405 trial design and hypertension frequency. The current
pharmacogenomic analysis utilized samples and toxicity phenotype data from a subset of
patients on the bevacizumab (BV) arm of CALGB 80405. Frequencies of grade 0, 1-2, and 3-4
hypertension represent reported events during the first three treatment cycles in the
bevacizumab arm.
2.3.2 Bevacizumab-induced hypertension phenotype
Blood pressure was measured prior to the trial, at Day 1 of each treatment cycle, and every
two weeks during treatment. Eligibility criteria required that patients with preexisting HTN
remain on antihypertensive medications and be normotensive upon study initiation.
Serious adverse events, including HTN, were reported during each treatment cycle. The
severity of HTN was recorded on a scale of 0-5 according to the National Cancer Institute’s

Common Terminology Criteria for Adverse Events version 322 (Table 2.1). Most grade 3+

HTN developed within the first two treatment cycles (Table 2.2).
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Table 2.1. Assessment of hypertension in the National Cancer Institute’s Common
Terminology Criteria for Adverse Events version 3

Grade 1 Grade 2 Grade 3 Grade 4 Grade 5
Asymptomatic, Recurrent or
transient (<24 hrs) persistent (=24
increase by >20 hrs) or
mmHg symptomatic Requiring more | Life-threatening
(diastolic) or to increase by >20 | than one drug or | consequences
>150/100 if mmHg (diastolic) more intensive (e.q., Death
previously or to >150/100 therapy than hypertensive
WNL' if previously WNL' previously crisis)
Intervention not Monotherapy may
indicated be indicated

"WNL: Within normal limits

Table 2.2. Grade 3 hypertension events in the CALGB 80405 bevacizumab arm

Treatment N, HTN N, potential | N, sequenced
Cycle events' cases’ cases®
1 23 17 12
2 30 14 10
3 15 4 3
4 11
5 9
6 8
7 6

'Some patients are represented more than once, having had
events in more than one cycle.
®Potential cases with pharmacogenetic consent.
3Subset of potential cases with available DNA.
Cases and controls were selected using an extreme phenotype design to compare severe,
early-onset HTN patients to those with no reported HTN (Figure 2.2). Extreme phenotype
designs enrich sampling of causal variants with large effect sizes and increase statistical

power?23. Such an approach takes advantage of the hypothesis that the genetic loads of

variants contributing to drug sensitivity or resistance are expected to be highest at the tails
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of the phenotypic distribution. Extreme phenotypes have been used in sequencing studies
of similar sized cohorts to identify novel variants associated with P. aeruginosa infection#

and the pharmacogenetic traits mentioned abovel6-19,

CALGB 80405
bevacizumab arm
Cases: N=899

K a4

Cases Controls
Grade 3+ HTN No HTN
in first 3 cycles in first 6 cycles
N =48 N =299

v v

Exclude subjects with BV

Exclude subjects with interruptions, gaps in AE
no PG consent, no DNA coverage, missing tx forms,
N=25 no PG consent, no DNA
N =46

a4 K

Sequencing, genetic data QC
Exclude samples with high heterozygosity,
sex discordance, QC failures
Cases: N=24
Controls: N = 46

v

Restrict to European ancestry,
complete covariate data
Cases: N=19
Controls: N =42

Figure 2.2. Subject selection from bevacizumab-induced hypertension extreme
phenotypes in CALGB 80405 for exome sequencing. Abbreviations used: HTN,
hypertension; PG, pharmacogenetic; BV, bevacizumab; AE, adverse event; tx, treatment.
Cases were defined as having at least one grade 3 or higher HTN event during the first

three treatment cycles. Forty-eight cases were confirmed by extensive chart reviews, with

35 having consented to pharmacogenetic studies and 25 having available DNA. Controls
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were defined as having no reported HTN during the first six treatment cycles while
completing a minimum of four uninterrupted cycles with no gaps in adverse event form
coverage. From 299 subjects who completed at least four treatment cycles, 53 potential
controls remained after exclusion for one or more of the following: bevacizumab
interruptions (N = 204), any grade HTN during the first six cycles (N = 37), gaps in AE form
coverage (N = 4), missing treatment forms (N = 1). Forty-six controls had both

pharmacogenetic consent and available DNA.

2.3.3 Sequencing

Genomic DNA (1.2 ug) extracted from blood samples was provided by the Alliance
Pathology Coordinating Office, and sequencing was performed by the UCSF Genomics Core
Facility. Custom probes were designed to target intronic, UTR, and 50 kb regions upstream
and downstream of selected candidate genes (Table 2.3) for a total target size of 85 Mb (64
Mb standard exome + 21 Mb custom regions). Candidate genes were selected based on
their documented role in VEGF signaling (N = 78), endothelial cell biology (N = 31), nitric
oxide signaling (N = 23), or hypertension (N = 42), as defined by Gene Ontology (GO,
http://www.geneontology.org/) Consortium and KEGG
(http://www.genome.jp/kegg/pathway.html). Sequencing libraries were constructed using
the KAPA Library Preparation Kit (Illumina, San Diego, CA) and captured for enrichment of
the target regions using the SeqCap EZ Exome Plus Kit (Roche NimbleGen, Madison, WI).
Enriched libraries were sequenced on the HiSeq2500 System (Illumina) using paired-end
100 bp runs. FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was

used to perform quality control checks on sequencing reads. Samples were required to
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meet a minimum of 20X coverage over 80% of the target. A mean of 117 million reads were
sequenced for each individual, and a mean target coverage of 65X was achieved for all
samples, with 89% of the target reads having = 20X coverage. Read quality data are

summarized in Table 2.4.

Table 2.3. Analyzed candidate genes

Pathway Genes

AKT1, AKT3, ARNT, BAD, CASP9, CAV1, CDC42, EGLNS, EPAST,
FLT1, FLT4, HIF1A, HRAS, HSP90AA1, HSPB1, KDR, KRAS,
MAP2K1, MAP2K2, MAPK1, MAPK11, MAPK12, MAPK13, MAPK14,
MAPK3, MAPKAPK2, MAPKAPK3, NFATC2, NOS3, NRAS, NRP1,

Vascular endothelial NRP2, PGF, PIK3CA, PIK3CB, PIK3CD, PIK3CG, PIK3R1, PIK3R2,
growth factor signaling PIK3R3, PIK3R5, PLA2G10, PLA2G12A, PLA2G12B, PLA2G 1B,

(N=78) PLA2G2A, PLA2G2D, PLA2G2E, PLA2G2F, PLA2G3, PLA2GA4A,

PLA2G4B, PLA2G5, PLA2G6, PLCG1, PLCG2, PPP3CA, PPP3CB,
PPP3CC, PPP3R1, PPP3R2, PRKCA, PRKCB, PRKCG, PTGS2,
PTK2, PXN, RAC1, RAC2, RAF1, SH2D2A, SHC2, SPHK1, SPHK2,
SRC, VEGFA, VEGFB, VEGFC

ALOX12, APOE, ARG2, CYGB, EGFR, GCH1, GCHFR, HSP90ABI1,
IL10, INS, KRT1, MT3, NCF1, NCF2, NOS1, NOS1AP, NOS2, NOX5,
NQO1, PRKAR1B, SOD1, SOD2, VIMP

Nitric oxide signaling
(N =23)

ACE, AGT, AGTR1, ANGPT1, CCL2, CDH5, EDN1, EDN2, EDNRA,
Endothelial cell biology | FASLG, FGF1, ICAM1, IL11, IL1B, IL6, ITGAS, ITGAV, ITGB3, KLK3,

(N=31) NPPB, NPR1, PDGFRA, PECAM1, PF4, PLA2G4C, PTGIS, RHOB,
SERPINE1, TEK, THBS1, TNFAIP3

ACTA2, ADM, ADRA1B, ADRA1D, ADRB1, AVPRI1A, AVPR1B,
BDKRB2, BMPR2, CACNA1C, CALCA, CHRNA1, CLIC4, CPS1,
Hypertension DRD3, ECE1, EDNRB, EGF, EPHX2, GUCY1A3, GUCY1B3, ITPRI1,

(N=42) ITPR2, KCNMA1, KNG1, MYLK, MYLK2, MYLK3, NOSIP, NOSTRIN,
P2RX4, PDE3A, PDE3B, PRKG1, PRKG2, PTGIR, PTGS1, REN,
S1PR1, SLC7A1, UTS2, WNK1
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Table 2.4. Quality of sequencing reads per sample

Mean Range
Total reads 117 million 84-277 million
Reads mapped to hg19 reference 117 million (99.4%) | 83-276 million (98.7-99.6%)
Library complexity’ 57% 55-60%
Capture efficiency? 69% 66—73%
Mean target coverage 65X 50-82X
Target base coverage = 10x 94% 93-95%
Target base coverage = 20x 89% 85-92%
Heterozygous / homozygous ratio 1.1 0.8-1.3°

'Ratio of unique reads versus total reads mapped to target.
®Ratio of reads mapped to target versus reads mapped to reference.
®Excluding outlier sample with het/hom ratio of 1.8.

2.3.4 Read mapping, variant calling, and filtering

Sequencing reads were mapped to the hg19 reference genome using Burrows-Wheeler
Aligner23 (BWA-MEM v0.7.5). BAM files summarizing sequence alignments were refined by
local indel realignment and duplicate marking using Picard
(http://broadinstitute.github.io/picard/) and SAMtools?>. Base quality scores were
recalibrated using Genome Analysis Toolkit26 (GATK v2.6-5). This procedure trained an
adaptive error model using known variant sites from dbSNP 132, HapMap v3.3, the Omni
2.5 chip array from the 1000 Genomes Project, and natural indels identified by Mills et al?”

to differentiate true variants from machine artifacts.

Variant discovery was performed on all samples with the GATK HaplotypeCaller using the

joint calling function and formatted to the variant call format (VCF). Multi-allelic sites were

split into single, unique variants, and indels were left-normalized. Variant calls were hard-
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filtered for sites of low quality (Phred-scaled quality < 30) and in line with GATK v3.4 Best

Practices recommendations282° (Table 2.5).

Table 2.5. SNPs excluded per GATK Best Practices v3.4 recommendations

Filtering criteria N, failed SNPs

Quality QUAL < 30 0’
QD <2.0 9,596
Strand bias FS >60.0 2,545
SOR >4.0 7,433
Mapping quality MQ < 40.0 15,470
MQRankSum < -12.5 11,465
Read position ReadPosRankSum < -8.0 4,344

'Already filtered at calling step.

2.3.5 Sample quality control

Individual sequence data were further assessed for call rate, mean read depth,
heterozygosity, transition/transversion ratios, nonsynonymous/synonymous ratios,
private variant counts, and novel (absent from dbSNP 147) variant counts. A call rate >
95% was required, and a value beyond six standard deviations calculated for the cohort

was considered an outlier.

The degree of relatedness between individuals was estimated after filtering SNPs with
minor allele frequency (MAF) < 0.05 and pruning SNPs in linkage disequilibrium (LD, r2 >
0.5). Kinship data were used to confirm that all individuals were unrelated (pi-hat < 0.125).
X chromosome homozygosity was estimated, and self-reported sex was checked against
that inferred from sequence data. Concordance checks between sequencing variants that

overlapped with variants previously genotyped on genome-wide SNP arrays were
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performed; samples were confirmed to have concordance rates > 90%. Principal
component analysis (PCA) was previously performed on these samples using genotyped
data, and self-reported race of the samples was compared with ancestry inferred from PCA

(Figure 2.3). Results of sample QC are summarized in Table 2.6.

0.3+
0.2+ %

O 0.1
S o.

004 ,geb
O g0

||
-0.2 0.0 0.2 0.4 0.6
PC1

Figure 2.3. First and second principal components in sequenced samples. Principal
components were estimated using previously generated genome-wide genotype data. Each
symbol represents a sample from the sequenced cohort (N = 71). Closed circles indicate self-
reported Caucasian subjects; open circles indicate self-reported African American subjects; X
indicates self-reported Caucasian subjects removed from analysis.
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Table 2.6. Quality control of sample data

Filtering criteria N, failed

samples
Call rate <95% 0
Read depth Statistical outliers 0
Heterozygosity Statistical outliers 13
Transition / transversion ratio’ Statistical outliers 0
Nonsynonymous / synonymous ratio® Statistical outliers 0
Number of private variants Statistical outliers 0
Number of novel variants Statistical outliers 0
Relatedness (IBD) Pi-hat > 0.125 0
Sex Genetic = Self-reported 13
GWAS concordance <90% 13
Ancestry (PCA) Genetic # Self-reported 2

'Expected range: 2.1-2.8.
?Expected: Slightly below 1.0.

%The same sample failed heterozygosity, sex concordance, and GWAS concordance.

2.3.6 Variant quality control

SNPs and indels were separated prior to additional quality control steps. Going forward,
except where indicated, summarized data pertain only to SNPs. To retain only high quality
genotypes, variant sites were excluded from subsequent analyses if they exhibited > 10%
missingness, low average quality (QD < 5.0), an outlier distribution of base quality for sites

supporting the reference and alternate alleles (BaseQRankSum), or significant deviation

from Hardy-Weinberg equilibrium (Table 2.7). SNP quality metrics following QC are

summarized in Table 2.8.
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Table 2.7. Quality control of variant data

Filtering criteria N,Sf'\a:::l:d
Call rate <90% 1,907
Read depth Statistical outliers 0
Quality by depth QD <5.0 3,014
Base quality score distribution Statistical outliers 15
HWE (MAF = 0.05, controls only) | P < 0.05 (Bonferroni-adjusted) 1,090

Table 2.8. Post-QC quality per sample

Mean | Range | G TCCS
Call rate 99.97% | 99.94-100%
Read depth 65X 48-80X
Heterozygosity 0.01 -0.04-0.19
Transition / transversion ratio 2.34 2.32-2.36
Nonsynonymous / synonymous ratio 0.86 0.84-0.88
All SNPs' 87,893 | 82,900-89,592 327,184
Private SNPs 1,559 1,250-2,832 96,638
Novel SNPs (absent from dbSNP 147) 273 158-653 16,950

'Non-reference calls only.

VCF files were processed and filtered using VCFtools3?, BCFtools
(https://samtools.github.io/bcftools/), and PLINK 1.931. The final variant list was
annotated with RefSeq gene names and functional consequences using ANNOVAR32

(v2016Feb01).

2.3.7 SNP-based association testing

Variants were filtered for MAF = 0.10 (threshold chosen based on limited sample size) and

LD-pruned at r2 > 0.8 before testing each variant independently for case-control association
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using logistic regression under an additive genetic model. Tests were adjusted for sex, age,
BMI = 25, preexisting HTN, and preexisting diabetes, based on published data describing
clinical predictors of the toxicity33. Associations with Bonferroni-adjusted P-values < 0.05
were considered statistically significant. Tests were run using the PLINK/SEQ genetics

library (http://atgu.mgh.harvard.edu/plinkseq/).

2.3.8 Gene-based association testing

Association testing was conducted at the gene level to evaluate combined effects from
multiple rare and low frequency variants (MAF < 0.03) in each gene. Burden tests collapse
variants within each gene and compare cases to controls for an excess of rare alleles.
Adaptive burden tests operate similarly using data-adaptive weights or thresholds. Burden
approaches are powerful when a large proportion of variants have the same directionality

and magnitude of effect34.

The Sequence Kernel Association Test (SKAT) is a variance-component test that aggregates
associations between variants and the phenotype through a kernel matrix3>. In contrast to
the burden test, which aggregates variants before performing regression, SKAT models SNP
effects linearly then aggregates individual variant-score test statistics across the gene.
Hence, SKAT is robust to the heterogeneity of effect sizes within a gene. SKAT-03¢ is an
extension of SKAT that combines SKAT and the burden test into a single framework and
adaptively selects the best linear combination of the two test statistics to maximize power.
The CommonRare function in SKAT allows for a combined analysis of rare and common

variants.
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SKAT-0, implemented using the R statistical environment37, was used as the primary gene-
based test in this study. Variants of MAF < 0.03 were aggregated across genes and tested
for case-control association. Only genes containing more than one observed variant allele
were included. Genes containing variants of all frequencies were tested using the SKAT
CommonRare function. Other gene-based tests, including burden and adaptive burden
tests, were performed using PLINK/SEQ (Table 2.9). All tests were adjusted for sex, age,
BMI = 25, preexisting HTN, and preexisting diabetes. Associations with Bonferroni-adjusted

P-values < 0.05 were considered statistically significant.
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2.3.9 In silico functional analysis

Functional annotations of variants with the smallest association P-values and their proxies
(r? > 0.8) were summarized in HaploReg*? and RegulomeDB#4. Predictions of functional
impact were obtained from computational algorithms including SIFT#5, PolyPhen-24¢,
GERP++47, and CADD*8, Variant allele frequencies were compared to those reported in
large European population datasets including the 1000 Genomes Project EUR super-
population*?, the NHLBI GO Exome Sequencing Project European-American group®?, and
the Exome Aggregation Consortium (ExAC) Non-Finnish European group®!. Noncoding
variants were assessed primarily by overlap with predicted functional elements from RNA-
seq, ChIP-seq, and DNase I hypersensitivity peak calls in the ENCODE Project>253 and the
Roadmap Epigenomics Project>*. SNPs were queried against SCAN
(http://www.scandb.org/), the Genotype-Tissue Expression (GTEx) Project Portal®>,
ExXSNP>6, and PhenoScanner>7? for previously published expression quantitative trait loci
(eQTL) associations. Gene enrichment analyses were performed using ConsensusPathDB>8
and ToppGene>? to detect functional enrichment in curated databases of biochemical

pathways, ontology gene sets, disease and drug associations, and other features.

2.3.10 Association of top SNPs in independent cohorts

Top SNP associations were tested for replication in two larger, independent cohorts of
bevacizumab-treated patients from clinical trials CALGB 4050269 (described in Chapter 4)
and CALGB 90401¢6%. Associations with systolic blood pressure (SBP) > 180 mmHg or grade
3+ HTN for available SNPs were also looked up in the GWAS results of a third independent

cohort in the ECOG-5103 trial'l. Additional exploratory analyses included associations with
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grade 2+ and grade 3+ HTN (in all treatment cycles) and early grade 2+ HTN in the CALGB
populations. Here, CALGB 80405 samples not selected for the exome sequencing analysis

were also included.

CALGB 40502 is a phase III trial of paclitaxel compared with nab-paclitaxel or ixabepilone
with bevacizumab for locally recurrent or metastatic breast cancer. CALGB 90401 is a
phase III trial comparing docetaxel and prednisone with or without bevacizumab in men
with hormone refractory prostate cancer. ECOG-5103 is a phase III adjuvant breast cancer
trial of doxorubicin and cyclophosphamide followed by paclitaxel with or without

bevacizumab. Sample sizes used in the analysis of these cohorts are listed in Table 2.10.

CALGB 80405 samples were previously genotyped on the Human OmniExpress and
OmniExpressExome arrays ([llumina), and CALGB 90401 samples were genotyped on the
Human610-Quad array (Illumina) at the RIKEN Center for Integrative Medical Sciences;
rs9381299 genotypes were extracted from these existing GWAS data. Imputed genotypes
(generated by the Michigan Imputation Server¢2) for rs6929249 and rs834576 were also
available in CALGB 40502. rs3734704 and rs6902226 (proxy for rs6929249 at a physical
distance of 346 bp and r2 = 0.98 in 1000G EUR) were individually genotyped in the CALGB
populations at RIKEN. SNPs were tested for case-control association using logistic
regression under an additive genetic model. Tests were implemented through R using the
glm function. Early HTN was defined as HTN occurring within the number of treatment
cycles equaling the same total exposure of bevacizumab (60 mg/kg) in the first three

treatment cycles of CALGB 80405. Tests were adjusted for the same covariates as in the
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discovery analysis, where available (Table 2.10). Associations with Bonferroni-adjusted P-
values < 0.05/N (where N was the number of variants tested or looked up) were

considered statistically significant.

Table 2.10. Replication and exploratory cohorts

Replication
. 1 (R) or Nz! Nza
Study Covariates Phenotype Exploratory | cases | controls
(E)
CALGB - 3
80405 Preexisting HTN Early grade 2+ HTN E 70 399
Early grade 3+ HTN R 29 386
Age, BMI = 25, Early grade 2+ HTN E 74 341
CALGB preexisting HTN,
40502 preexisting
diabetes Grade 3+ HTN E 43 372
Grade 2+ HTN E 122 293
Early grade 3+ HTN R 16 600
Early grade 2+ HTN E 39 577
once | Ao Bz2s. | Es
90401 pre g
diabetes Grade 3+ HTN E 25 591
Grade 2+ HTN E 63 553
Age >50, BMI>30 | ggp 5 180 mmHg R 39 391
ECOG- (subjects with
5103 preexisting HTN
eXC|Uded) Grade 3+ HTN E 177 387

"Early HTN: HTN occurring within the number of treatment cycles equaling the same total
exposure of bevacizumab (60 mg/kg) in the first three treatment cycles of CALGB 80405.
2N: Genotyped samples from genetic European, bevacizumab-treated patients.

3Samples not analyzed in exome analysis: 51 cases, 356 controls.
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2.4 Results

2.4.1 Subject selection and characteristics

Seventy-one samples (25 cases and 46 controls) were selected for sequencing. Following
quality control procedures, one sample was excluded due to sample contamination
(detected by high heterozygosity, low concordance with GWAS data, and discordant
gender). The discovery analysis was limited to genetic Europeans to minimize effects
associated with population stratification that may lead to spurious associations; 19 cases
and 42 controls with complete sequence, phenotype, and covariate data were retained for
analysis. Demographic and clinical characteristics of the analyzed cohort are listed in Table

2.11 and, with the exception of preexisting HTN, are similar between cases and controls.

Table 2.11. Characteristics of extreme phenotype patient subgroups

Cases Controls

(N=19) (N=42)
Female (N, %) 9 (47%) 14 (33%)
Age (mean, range) 61 (32-80) 60 (37-82)

BMI (mean, range)

26.9 (17.7-40.8)

28.4 (18.6-58.4)

Preexisting diabetes (N, %) 3 (16%) 4 (10%)
Preexisting hypertension (N, %) 14 (74%) 12 (29%)
All analyzed subjects (total N = 61) are genetic European.

2.4.2 Description of variant dataset

After processing and quality control of 402,302 called variants, the final variant call-set
included 327,184 SNPs and 30,678 indels in 22,998 genes (Table 2.12). Of the SNPs, 46%
have MAF < 0.03 in the analysis cohort (Figure 2.4). A total of 72,607 (22%) SNPs were in
protein-coding regions, with 53% of those being nonsynonymous, stop-gain, or stop-loss

mutations. The remaining noncoding SNPs were annotated to intronic (47%), intergenic

63



(17%), 5" or 3’ UTR (7%), noncoding RNA (5%), upstream or downstream (2%), or splicing
(0.1%) regions. A total of 16,950 novel SNPs were identified. Variant functions are

summarized in Figure 2.5.

Table 2.12. Summary of variant filtering procedures

e s SNPs Indels
Filtering step - -
remaining remaining
Called in GATK 363,180 39,122
Hard-filtered (GATK Best Practices) | 332,368 29,657
Multi-allelic sites split 333,034 39,119
. 39,119
Left-normalized NA (7,542 re-aligned)
QC 327,184 30,678

200,000
150,000

50,000

40,000

30,000

Number of SNPs

20,000

10,000

0
00 01 02 03 04 05 06 07 08 09 1.0

Allele Frequency

Figure 2.4. Distribution of SNP allele frequency. Of the SNPs passing QC, 151,157 (46%)
have MAF < 0.03 in the analysis cohort.
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intronic
exonic
intergenic
ncRNA
UTRS3
UTR5
downstream
upstream
splicing

Nonsynonymous (38,189)
Stop-gain (518)
Stop-loss (34)

Synonymous (33,866)

Total genes: 22,998
Novel variants: 16,950

Figure 2.5. SNP functional annotation. SNPs passing QC were annotated based on mapping
to hg19 using ANNOVAR. Exonic SNPs were further classified based on their amino acid
changes.

2.4.3 Candidate gene analysis

In a targeted analysis of 174 pre-specified candidate genes for which additional intronic,
UTR, and flanking regions were sequenced, association testing was performed on 92,886
coding and noncoding variants (Figure 2.6). Genes from pathways of VEGF signaling, nitric
oxide (NO) signaling, endothelial cell biology, and HTN risk were included (Table 2.3).
Common variants (MAF = 0.10, N = 9,356) were analyzed in SNP-based association tests
(Figures 2.7 and 2.8). Since a genetic European population was selected based on genome-
wide SNP data, the atypical behavior in the QQ plot (Figure 2.7) most likely reflects the
limited power of the small cohort and not population stratification. No SNP met the
Bonferroni-corrected significance level (P = 5.3 x 10-¢). Within the ten strongest
associations (Table 2.13), four SNPs were located in an intergenic region downstream of
SLC29A1 and upstream of HSP90AB1: rs6929249 (P=1x 104 0R 38),rs3734704 (P=6x
10-4, OR 29), rs834576 (P = 0.002, OR 19), and rs9381299 (P = 0.004, OR 8.8). These SNPs

span 9.9 kb and are in three separate LD blocks (Figures 2.9 and 2.10). For all four SNPs,
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the frequency of early grade 3 HTN in minor allele carriers was consistently higher (58-

70%) than in non-carriers (6-24%) (Figure 2.11).

All variants
N=2327,184

\ /
Restrict to candidate genes}

(coding + noncoding)
92,886 variants
in 174 genes

MAF = 0.10 All MAF MAF < 0.03
9,356 variants 90,808 variants 35,472 variants
PLINK/SEQ in 174 genes in 174 genes
SNP-based SKAT-CommonRare SKAT-O

association Gene-based association

Figure 2.6. Candidate gene analysis workflow. Variants were restricted to candidate gene

regions. Common variants were analyzed by SNP-based association tests, and rare and low

frequency variants were analyzed by gene-based association tests either alone or combined
with common variants.
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Observed -log,,P

0 1 2 3 4
Expected -log,,P

Figure 2.7. Quantile-quantile plot of candidate gene SNP-based analysis. Observed and
predicted P-value relationships are plotted for the association with bevacizumab-induced
hypertension. The solid line shows the expected distribution assuming no inflation of statistics
and the dashed lines show the 95% confidence intervals for the expected distribution. The
genomic inflation factor is noted on the graph.
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Figure 2.8. Manhattan plot of candidate gene SNP-based analysis. The distribution of -log1o
transformed unadjusted P-values for the association with bevacizumab-induced hypertension is

plotted as a function of the chromosomal location of all tested SNPs (N = 9,356). No SNPs
surpassed the Bonferroni-corrected significance threshold of P = 5.3 x 10°®.
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Figure 2.9. Associations with bevacizumab-induced hypertension in the SLC29A1-
HSP90AB1 region. Associations with bevacizumab-induced hypertension for analyzed SNPs
are shown on a -logoP scale. Dot color indicates the strength of linkage disequilibrium (/)
between rs6929249 and each SNP. Plot was produced using LocusZoom
(http:/locuszoom.sph.umich.edu/).
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Figure 2.10. Linkage disequilibrium plot of SLC29A1-HSP90AB1 intergenic region.
Linkage disequilibrium (LD) structure of SNPs from the 1000 Genomes CEU population, with top
exome analysis SNPs marked. Red: D’=1, LOD = 2; blue: D’=1, LOD < 2; pink: D’< 1, LOD =

2; white: D’< 1, LOD < 2. Plot was produced using Haploview
(https://lwww.broadinstitute.org/haploview/haploview).
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Figure 2.11. Frequency of early grade 3 bevacizumab-induced hypertension in carriers of
SLC29A1-HSP90AB1 variants. Variant alleles of each SNP are associated with higher
incidence of early grade 3 hypertension (HTN) in sequenced CALGB 80405 subjects. Fractions
represent the number of HTN cases over the total number of subjects for each carrier status.
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To test the possibility that individual genes harboring multiple rare and low frequency
variants contribute to toxicity risk, a total of 35,472 variants with MAF < 0.03 in the 174
candidate gene regions were tested using SKAT-0, and 90,808 rare and common variants
were tested with SKAT-CommonRare (Figure 2.6). No gene associations met statistical
significance after Bonferroni correction (P = 2.9 x 10-4; Tables 2.14 and 2.15). The top hits
from the MAF < 0.03 analysis and the all-MAF analysis are CPS1 (P =0.01) and FLT1 (P =
0.006), respectively. Functional annotations of individual variants within the top genes of
the MAF < 0.03 analysis are summarized in Table 2.16. As expected, each of these genes had

a small number of potentially functional (nonsynonymous or regulatory) rare SNPs.

Table 2.14. Top gene associations of candidate gene analysis (MAF < 0.03)

Gene p' N, tested variants
per gene
CPS1 0.01 276
THBS1 0.01 208
CALCA 0.02 127
NOSIP 0.02 113
PDGFRA 0.03 132
PECAM1 0.03 62
ACE 0.03 146
NOS1AP 0.03 542
NRP2 0.04 341
AKT3 0.05 354

'"Unadjusted P-value from SKAT-O analysis
adjusted for sex, age, BMI = 25, preexisting
hypertension, and preexisting diabetes.
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Table 2.15. Top gene associations of candidate gene analysis (all MAF)

. N, tested N, tested
1 N, tested variants . .
Gene P rare variants | common variants
per gene

per gene per gene
FLT1 0.006 838 527 311
ITGA5S 0.009 185 101 84
CcYGB 0.01 351 179 172
NOS1AP 0.02 1476 799 677
SPHK1 0.02 214 141 73
ACE 0.02 280 168 112
CPS1 0.02 752 390 362
CcLIC4 0.02 362 195 167
PRKCG 0.02 201 145 56
uTrs2 0.03 379 189 190

'"Unadjusted P-value from SKAT-CommonRare analysis adjusted for sex, age,

BMI = 25, preexisting hypertension, and preexisting diabetes.
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2.4.4 Exome-wide analysis

To analyze variants across the genome that are most likely to be deleterious,
nonsynonymous, stop codon, and splice-site variants (N = 39,981) were identified in all
sequenced genes (Figure 2.12). SNP-based association testing was performed on 8,254
common variants (MAF > 0.10) within this subset (Figures 2.13 and 2.14). As with the
candidate gene analysis, the atypical QQ plot most likely reflects the small sample size.
There were no SNPs that met the Bonferroni-adjusted statistical threshold (P = 6.1 x 10-¢);
the strongest association is with rs6007344 (P = 0.002), a nonsynonymous SNP in
ARHGAPS8 (Table 2.17). The rs6007344 minor allele is observed in 10 of 19 (53%) patients

who developed grade 3 HTN and in 8 of 42 (19%) patients who did not develop HTN.

All variants
N=327,184

\
Restrict to nonsynonymous}

stop codon, splice-site
39,981 variants
in 12,653 genes

MAF = 0.10 All MAF MAF < 0.03
8,254 variants 36,823 variants 17,974 variants
PLINK/SEQ in 10,328 genes in 6,376 genes
SNP-based SKAT-CommonRare SKAT-O
association Gene-based association

Figure 2.12. Exome-wide analysis workflow. Variants were restricted to nonsynonymous,
stop codon, and splice-site variants. Common variants were analyzed by SNP-based
association tests, and rare and low frequency variants were analyzed by gene-based

association tests either alone or combined with common variants.
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Figure 2.13. Quantile-quantile plot of exome-wide SNP-based analysis. Observed and
predicted P-value relationships are plotted for the association with bevacizumab-induced
hypertension. The solid line shows the expected distribution assuming no inflation of statistics
and the dashed lines show the 95% confidence intervals for the expected distribution. The
genomic inflation factor is noted on the graph.
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Figure 2.14. Manhattan plot of exome-wide SNP-based analysis. The distribution of -logo
transformed unadjusted P-values for the association with bevacizumab-induced hypertension is
plotted as a function of the chromosomal location of all tested SNPs (N = 8,254). No SNPs
surpassed the Bonferroni-corrected significance threshold of P = 6.1 x 10°®.
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Gene-based association testing with SKAT was performed on 17,974 rare and low
frequency variants (MAF < 0.03) in 6,376 genes, and on 36,823 common and rare variants
in 10,328 genes (Figure 2.12); variants were assigned to genes as defined by RefSeq. No
gene association met statistical significance after Bonferroni correction (P = 7.8 x 10-¢ and
4.8 x 106, respectively; Tables 2.18 and 2.19). The top hits from the MAF < 0.03 analysis
and the all-MAF analysis are ANO2 (P =5 x 10-5) and CRYBBZ (P = 4 x 10-4), respectively.
Functional annotations and case and control allele counts of individual variants within the
top genes of the MAF < 0.03 analysis are summarized in Table 2.20. The total number of
variants in each of these genes was low and there is no evidence for enrichment of

deleterious rare variants in the cases.

Table 2.18. Top gene associations of exome-wide analysis (MAF < 0.03)

Gene p' N, tested variants
per gene
ANO2 5x107° 4
FARP2 | 3x10* 3
CRYBB2 | 4x10* .
DDIAS | 4x10* 3
ZMmiz2 | 5x10* 2
5CO1 9x10™ 4
C9orf57 0.001 1
SPIRE2 0.001 2
TCL1A 0.001 2
GOT2 0.001 3

'"Unadjusted P-value from SKAT-O analysis
adjusted for sex, age, BMI = 25, preexisting
hypertension, and preexisting diabetes.
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Table 2.19. Top gene associations of exome-wide analysis (all MAF)

N, tested N, tested
Gene P' rare variants | common variants

per gene per gene
CRYBB2 | 4x10™* 1 0
NAALAD2 | 5x10™* 3 1
Cs5orf58 | 6x10* 0 1
PLPP2 7x10* 2 1
ORS5R1 9x10* 5 5
C9orf57 | 9x10* 1 0
CST5 0.001 0 1
ZMIZ2 0.001 2 0
BTN3A1 0.001 1 2
ANO2 0.001 5 2

'"Unadjusted P-value from SKAT-CommonRare analysis
adjusted for sex, age, BMI = 25, preexisting hypertension,
and preexisting diabetes.
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2.4.5 Analysis using other rare variant testing methods

In SKAT, variants are weighted by default by the MAF in the analyzed cohort, with rarer
variants being upweighted. Custom weights based on MAF in the sequenced controls, MAF
in the 1000 Genomes Project (EUR), PolyPhen-2 scores, GERP++ scores, and CADD Phred-
scaled scores were each applied to SKAT testing. The resulting top genes and P-values did
not vary substantially across the different weighting schemes, and no P-value exceeded the

P-values of the top associations in the default weighted analyses (data not shown).

Additional rare variant methods listed in Table 2.9 were used to test gene-based
associations within the candidate gene and exome-wide subsets described above. In
general, burden and adaptive burden test results differed from the results of the two-sided
tests (SKAT, C-alpha, SUMSTAT), but no statistically significant associations were identified

using any method (Tables 2.21 and 2.22).

Table 2.21. Top candidate gene associations of non-SKAT analyses (MAF < 0.03)

Test J:nz P N, te::;o; :22ants
BURDEN HRAS 0.02 162
UNIQ AGTR1 0.02 144
VT ITGB3 0.001 229
FRQWGT HRAS 0.01 162
CALPHA CcCL2 0.008 115
SUMSTAT | AGTR1 0.01 144
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Table 2.22. Top exome-wide gene associations of non-SKAT analyses (MAF < 0.03)

o [ g | e | M
BURDEN | DNAH14 | 0.0006 12
UNIQ Kiz | 0.001 4
vT DNAH14 | 0.001 12
FRQWGT | DNAH14 | 0.0004 12
CALPHA Kiz | 0.001 4
SUMSTAT | KIZ | 0.001 4

2.4.6 Analysis of other variant subsets

Additional subsets of variants were analyzed by several exploratory approaches. Rare
variants in the candidate gene analysis were further grouped and tested by SKAT-O within
seven gene sets: Blood pressure, endothelial cell biology, endothelin signaling, NO
signaling, prostacyclin signaling, vascular process, and VEGF signaling. Variants were also
filtered by Phred-scaled CADD scores and tested using SKAT-O. Variants identified as
pathogenic or probable-pathogenic for disease or drug response in the NCBI ClinVar
database were analyzed with burden testing. The top associations of these analyses are
summarized in Table 2.23. No associations met the respective Bonferroni-corrected

significance levels.
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Table 2.23. Top gene associations of exploratory analyses (MAF < 0.03)

Analyzed variants Test Top P N, tested variants

gene/set per gene
Candidate gene sets | o A7. Blood 023 5771
(coding + noncoding) pressure

Candidate gene sets Blood

nonsynonymous, sto - .

( ynony p | SKAT-O ressure 0.21 40
codon, splice-site) P

CHURC1-
CADD > 10 SKAT-O FNTB, 0.0002 2
RAB15
CADD > 15 SKAT-O ZMIZ2 0.0006 2
CADD > 20 SKAT-O UTRN 0.0006 6

ClinVar pathogenic +
probable-pathogenic + | Burden GALT 0.04 2
drug response

Finally, an analysis of the 30,678 sequenced indels was performed. Indel lengths ranged
from -208 to 164 bp, with a majority being < 6 bp. A total of 12,006 (39%) indels had MAF
< 0.03 in the analysis cohort. As with the SNPs, indels were sorted into subsets based on
function or gene: Coding (exonic and splicing), coding frameshift, and candidate gene.
Single-variant association tests were used to examine coding (N = 1,740) and coding
frameshift (N = 735) indels, of which there were too few to perform gene-based testing.
The top association of both analyses was with rs146317894, a frameshift insertion in
OR52D1 (P=0.02, OR 0.1). No statistically significant associations were identified in the

gene-based indel analyses (Table 2.24).
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Table 2.24. Top gene associations of indel analyses

To N, tested
Analyzed indels N, indels P P variants per

gene

gene
7,666 indels in
All 4,361 genes SCNN1A | 0.001 4
andldate gene 2,310 indels in EDN2 | 0.007 12
(coding + noncoding) 173 genes

2.4.7 In silico functional analysis

The four SNPs between SLC29A1 and HSP90AB1 identified in the primary candidate gene
analysis are noncoding, and all proxy SNPs (r? > 0.8) are also in noncoding regions. These
SNPs were examined for overlap with regulatory elements inferred from functional data
generated in human umbilical vein endothelial cells (HUVEC) from the ENCODE Project>25°3
(Figure 2.15).1rs6929249 and rs3734704 are located within 1 kb downstream of the 3’ end
of SLC29A1 in a moderately transcribed region enriched for histone modifications linked to
gene activation (H3K4me1, H3K27ac, H3K36me3, H3K79me2) and binding of CTCF, which
can act as an insulator. rs834576 is in a region approximately 3.8 kb downstream of
SLC29A1 that is also enriched for H3K4mel, H3K27ac, and CTCF as well as additional
activating histone modifications (H3K4me2, H3K4me3, H3K9ac, H2A.Z) and binding of RNA
polymerase II; the variant site also maps to a CpG island, a feature often associated with
promoters. rs3734704 and rs834576 also overlap with DNase I hypersensitivity peaks
representing regions of open chromatin. rs3734704 and rs834576 are in genomic
segments predicted by ChromHMM?®3 to be strong enhancers, rs6929249 in a predicted
region of transcriptional transition, and rs9381299 in a predicted region of weak

transcription. Similar data from the Roadmap Epigenomics Project>* corroborated the
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ENCODE predictions (Table 2.25).rs3734704 is predicted by CADD to be deleterious, and
rs834576 is predicted by RegulomeDB as likely to affect binding. In a search of previously
published eQTL analyses, the risk allele of rs9381299 was found to be associated with

increased SLC29A1 expression in monocytes (P =3.8x 10-5, 3 = 0.18)%4.

Scale 5 kbt i hg19
chré: 44,205,000 | 44,210,000 |
UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)
SLC29A1 mm HSP90AB1 me=---

In(x+1) 8 _ HUVEC 200 bp paired read RNA-seq Signal Rep 1 from ENCODE/Caltech
HUVEC 2x75 Sg 1 : ! ! !

oo N, o 000 i :

8o_ ! ! HUVEC H3KameT Histone Mods by ChiP-seq Signal from ENCGDE/BroaId B
HUVEC H3K4m1 ' f 1 1
1 . ! T |1 [
50 HUVEC H3K4mg2 Histone Mods by ChIP-seq 'S_i'gnal from ENCODE/Brogd
HUVEC H3K4m2 : : : ‘ ‘
1 sl il !
80 : : HUVEC H3K4m}93 Histone Mods by ChIP-seq Signal from ENCODE/BrodId
HUVEC H3K4m3 1 1 1 1 ' '
1 1 1 1
R S —— e — — e —
80 f ' HUVEC H3K9gc Histone Mods by ChIP-seq Signal from ENCODE/Brc;ga
HUVEC H3K9ac : : : '
1 | md L e ———— e
80 _ : : HUVEC 43 c Histone Mods by ChIP-seq Signal from ENCODE/BroaIU
HUVEC H3K27ac 1 1 1 I
1 1 1
1 h—q—.—n—.‘, e — —m e o ———— [
50 _| 1 HUVEC H3K36me3 Histone Mods by ChiP-seq Signal from ENCODE/Broad
HUVEC H3K36m3 : : : :
1 1 — — . ! -
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Figure 2.15. Top SLC29A1-HSP90AB1 SNPs are in predicted transcriptionally-active
regions in human umbilical vein endothelial cells. Tracks (top to bottom): UCSC Genes,
HUVEC 200 bp paired read RNA-seq Signal Rep 1 from ENCODE/Caltech, HUVEC Histone

Modifications by ChlP-seq Signal from ENCODE/Broad (H3K4me1, H3K4me2, H3K4me3,

H3K9ac, H3K27ac, H3K36me3, H3K79me2, H2A.Z, Pol2, CTCF), HUVEC DNasel
Hypersensitivity Uniform Peaks from ENCODE/Analysis, CpG Islands, and HUVEC Chromatin
State Segmentation by HMM from ENCODE/Broad.
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2.4.8 Replication analysis of top SNP associations

rs9381299, rs3734704, rs834576, and a proxy SNP of rs6929249 were tested for
association with early grade 3+ HTN in independent bevacizumab-treated cohorts from
CALGB 40502 and CALGB 90401 (Table 2.26). Association of rs9381299 with SBP > 180
mmHg was also examined in ECOG-5103 GWAS results, with SBP > 180 being an even more
extreme phenotype than grade 3 HTN, which typically occurs at SBP > 160. Other SNPs

were not available for lookup in ECOG-5103.

rs9381299 significantly associated with early grade 3+ HTN in CALGB 40502 (P =0.01, OR
2.4) and with SBP > 180 in ECOG-5103 (P =0.02, OR 2.1). rs834576 also nominally
associated with early grade 3+ HTN in CALGB 40502 (P = 0.03, OR 2.9). Although the other
associations did not replicate, frequency of HTN was consistently higher in variant allele
carriers versus non-carriers: 8-16% vs. 5-6% in CALGB 40502, 3-4% vs. 2% in CALGB

90401, and 16% vs. 7% in ECOG-5103 (Figure 2.16).
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Figure 2.16. Frequency of high-grade hypertension in replication cohorts stratified by
variant allele carrier status. Variant alleles are more commonly found in subjects with high-
grade hypertension (HTN), defined as early grade 3+ HTN in CALGB 40502 and CALGB 90401,
or SBP > 180 mmHg in ECOG-5103. Top to bottom: rs6929249 (or rs6902226 as a proxy in
CALGB 90401), rs3734704, rs834576, rs9381299. Fractions represent the number of HTN
cases over the total number of subjects for each carrier status.
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2.4.9 Association of top SNPs with secondary hypertension phenotypes

As an exploratory analysis, top SNPs in the SLC29A1-HSP90AB1 intergenic region were also
tested for association with secondary HTN phenotypes (Tables 2.27-2.30). Most notably,
rs9381299 associated with the development of grade 2+ HTN in any treatment cycle in
CALGB 90401 (P=0.007, OR 2.0) and CALGB 40502 (P = 0.02, OR 1.7).rs3734704
associated with grade 2+ HTN (P = 0.007, OR 1.8) and early grade 2+ HTN (P = 0.02, OR 1.8)

in CALGB 90401 (Figure 2.17).
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Figure 2.17. Frequency of secondary bevacizumab-induced hypertension phenotypes in
carriers of SLC29A1-HSP90ABI1 risk variants in CALGB 40502 and CALGB 90401. Top
(rs3734704): A) Early grade 2+ and B) grade 2+ HTN frequencies in CALGB 90401. Bottom

(rs9381299): Grade 2+ HTN frequencies in C) CALGB 40502 and D) CALGB 90401. Fractions
represent the number of HTN cases over the total number of subjects for each carrier status.

2.4.10 Analysis of previously reported SNP associations

Previously identified SNPs from published candidate gene and genome-wide association
studies of bevacizumab-induced HTN (Table 2.31) were tested for associations with early
grade 3+ and early grade 2+ HTN in the CALGB 80405 GWAS cohort (Tables 2.32 and 2.33).
None of these associations replicated. The allele frequencies of rs3025039 (VEGFA),
rs2305948 (KDR), and rs1870377 (KDR) differed substantially between cases and controls,

but these differences may be due to sparse allele counts in the cases.
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2.5 Discussion

The present study used exome sequencing to discover genes that potentially contribute to
bevacizumab-induced HTN. Although no associations achieved genome-wide significance,
our analyses identified a genomic region containing multiple SNPs that may have

regulatory effects on biological pathways related to the phenotype.

Due to limited cases and a small sample size, this study was not powered to detect
significant associations. Due to lack of consent or available DNA, many potential subjects
could not be sequenced. Rare variant analyses, especially those studying complex traits, are
inherently underpowered, and in general, sample sizes of over 10,000 exomes would be
required to identify a true genetic association. Furthermore, preexisting HTN was
significantly correlated with on-treatment HTN (P = 0.002, OR 6.7), with 14 of 19 (74%)
cases having preexisting HTN compared to 12 of 42 (29%) controls. This association is
possibly confounding, though genetic models were adjusted for preexisting HTN to
minimize this effect and phenotype data was rigorously reviewed to confirm drug-induced
HTN events. To increase statistical power within our few cases, an extreme phenotype
study design was utilized. Limiting our phenotype to HTN that occurred in the first three
treatment cycles removed later cases of HTN that are more likely to be attributed to other
factors, as bevacizumab-induced HTN has been shown to develop early33. Nevertheless, we
recognized the limitations of the study and approached these analyses largely as a

discovery-based study.
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A targeted analysis examined variants within and flanking preselected candidate genes.
The top hits from the gene-based SKAT tests were CPS1 and FLT1. CPS1 encodes
carbamoyl-phosphate synthase 1, an enzyme believed to be involved in NO synthesis and
vasodilation. FLT1 encodes VEGF receptor 1, which binds VEGF and acts as a decoy
receptor to modulate VEGFR2 signaling. The top ten variant associations with
bevacizumab-induced HTN included four SNPs located between SLC29A1 and HSP90AB1.
These SNPs are not in strong LD, suggesting that they could have independent effects on
the toxicity. While the discovery of common variants was not the original strategy of this
sequencing analysis, other than rs9381299, these SNPs are not tagged on any standard
commercial GWAS or exome arrays, demonstrating the added potential of examining

variants of all allele frequencies identified from sequencing data.

SLC29A1 encodes the equilibrative nucleoside transporter ENT1. ENT1 is responsible for
regulating circulating levels of adenosine, which increases endothelial nitric oxide synthase
(eNOS)-dependent activity via adenosine receptor signaling®. eNOS also lies downstream
of VEGF signaling, and activation of eNOS produces NO, which functions as a vasodilator
and has been implicated in HTN resulting from VEGF inhibition®®. Increased circulating
adenosine levels have been observed in ENT1/- mice®?, and increased extracellular
adenosine concentrations have been observed with reduced ENT1 expression in HUVEC®8
and human placenta microvascular endothelial cells®®. From this, we hypothesize that
variation in SLC29A1 expression is associated with altered adenosine signaling that

modulates the synthesis of NO during bevacizumab treatment.
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HSP90AB1 encodes a constitutively expressed, cytosolic isoform of Hsp90, a molecular
chaperone that facilitates normal folding, stability, activation, function, and proteolytic
turnover of many key regulators of cell growth and survival’%. Reduced Hsp90 expression
in primary HUVEC has been observed during preeclampsia’l, a complication of pregnancy
that is characterized by high blood pressure. Hypertension has also presented as a common
adverse event during early clinical trials of Hsp90 inhibitor treatment?273. Hsp90 binds to
eNOS and enhances its NO-synthesizing activity’4. Disruption of Hsp90 signaling, either by
chemical inhibition or mutagenesis, has been shown to attenuate VEGF-stimulated binding
of Hsp90 to eNOS, NO production, and endothelium-dependent relaxation of isolated blood
vessels’#77. Thus, variants modulating the expression or function of Hsp90 may decrease
baseline eNOS activity, which could be further reduced upon VEGF inhibition by

bevacizumab.

Based on data from our in silico analyses, the identified SLC29A1-HSP90AB1 SNPs are
located in putative regulatory regions in HUVEC. Three of the four SNPs are in moderately
transcribed regions just downstream of SLC29A1 that are enriched for epigenetic marks,
RNA polymerase Il binding, and other genomic features associated with transcriptional
activity. Collectively, these data suggest that this region may be part of an unannotated
SLC29A1 splice variant or contain an enhancer that regulates expression of a nearby gene.
Variants that alter CTCF binding sites may disrupt insulator activity and permit promoter-
enhancer interactions in this region. The fourth SNP, rs9381299, while not in a predicted
strong transcriptionally active region, was found to be associated with increased SLC29A1

expression in monocytes but not in other more relevant tissues like the artery. Functional
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studies in vascular endothelial cell models are needed to better assess the SNP effects on

both SLC29A1 and HSP90AB1 expression.

An exome-wide strategy was also used to interrogate potentially deleterious variants,
including examination of associations for the aggregation of rare and low frequency
variants across all genes. This analysis focused on nonsynonymous, stop codon, and splice-
site variants, which are most likely to disrupt protein function; it yielded no significant
findings in either the SNP-based or gene-based tests. However, the top associations in these
analyses may be of interest in future studies of this phenotype. A nonsynonymous SNP in
ARHGAP8 was the top association in the SNP-based analysis. ARHGAPS8 encodes a Rho
GTPase activating protein (Rho GAP) that is highly expressed in the kidney®>. Although the
function of ARHGAPS is largely unknown, other Rho GAPs have been implicated in renal
function and hypertension’879, The variant, rs6007344, was previously associated with
hypertension in a study of 1503 subjects®. It encodes a glycine to arginine change in the
Rho GAP domain but is predicted to be benign by SIFT, PolyPhen-2, and CADD. ANOZ, the
top hit from the gene-based analysis, encodes anoctamin-2, a calcium-activated chloride
channel. A related protein, ANO1 (TMEM16A), is implicated in hypertension, but ANO2
appears to have a role in olfactory signal transduction and mediates light perception

amplification in retina.

Additional rare variant association methods and analyses of other variant subsets,
including indels, were performed but did not yield significant or biologically interesting

results. Indels remain a rich source of causal variants, but their analysis still poses
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challenges as they are difficult to describe in a standard fashion with respect to any given
reference genome, and they are prone to sequencing and annotation errors. Left-
normalization was applied to the indel set to increase annotation accuracy, but methods to

improve indel detection and analysis are still needed for high-confidence calls.

The SLC29A1-HSP90AB1 SNPs identified in the candidate gene analysis were tested for
association in larger, independent bevacizumab-treated cohorts. The associations of
rs9381299 with early grade 3+ HTN (CALGB 40502) and SBP > 180 mmHg (ECOG-5103),
and rs834576 with early grade 3+ HTN (CALGB 40502) support the discovery results.
Other SNPs were not validated at a statistically significant level. The sample sizes of the
three replication cohorts had 72-99% power to detect effects at a nominal significance
level of 0.05 for the SNP effect sizes observed in the discovery analysis (G*Power 381).
However, these effect sizes are most likely inflated due to the small sample size of the
exome sequencing cohort. Assuming a more realistic difference of 10% MAF between cases
and controls, power to detect associations at a < 0.05 is only 18-34% in the replication

cohorts.

Because of the small proportion of cases in CALGB 90401, differences in clinical trial design
and bevacizumab dosing, as well as demographic, clinical, and phenotypic differences
between study populations, we also expanded our definition of HTN and tested
associations with secondary HTN phenotypes to examine the general effects of these SNPs

on HTN. rs9381299 associated with grade 2+ HTN in CALGB 90401 and CALGB 40502, and
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rs3734704 associated with early grade 2+ and grade 2+ HTN in CALGB 90401. Additional

validation in other populations is needed to extend these current findings.

Prior studies have identified several common SNPs associated with HTN incidence during
bevacizumab treatment. None of these associations replicated in CALGB 80405, although
the allele frequencies of rs3025039 (VEGFA), rs2305948 (KDR), and rs1870377 (KDR)
differ among the toxicity subgroups. The variant allele of rs1870377 encodes a change that
has been reported to increase VEGFR2 phosphorylation®? and binding efficiency?®3, which
may be protective against bevacizumab-induced HTN. This variant was previously
associated with higher incidence of grade 2+ HTN0 but is enriched within our controls in

CALGB 80405.

2.6 Conclusions

The study of genetic variation in bevacizumab-induced HTN has been mostly limited to the
examination of only a small number of candidate SNPs. This is the first study to date using
whole-exome sequencing to examine this toxicity. Although this study was not powered to
detect significant exome-wide associations, our results suggest that variation in a novel
region between SLC29A1 and HSP90AB1 may modify the risk of developing bevacizumab-
induced HTN. This region should be prioritized for follow-up in higher-powered replication
studies and in functional characterization studies to define the role of these genes in the
regulation of vasodilation upon bevacizumab exposure. The prioritized lists of genes

generated through multiple exploratory approaches in this study can also be compared
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with those from other studies of this toxicity. These findings will contribute to a better

understanding of the genetic architecture and mechanism of bevacizumab-induced HTN.
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Chapter 3: Functional Characterization of the Effects of Bevacizumab on Adenosine

Signaling

3.1 Abstract

Bevacizumab-induced hypertension (HTN) is a common dose-limiting toxicity that can lead
to other cardiovascular complications. The sequencing analysis described in Chapter 2
identified putative regulatory variants near SLC29A1 associated with bevacizumab-induced
HTN. SLC29A1 encodes ENT1, a member of the endothelial nucleoside transporter family
that regulates extracellular adenosine levels and therefore adenosine signaling. To examine
the role of ENT1 in the pathogenesis of bevacizumab-induced HTN, studies were performed
to measure the effects of adenosine and bevacizumab treatment on human umbilical vein
endothelial cells. Pharmacological inhibition of ENT1 increased levels of cyclic AMP
(cAMP), a marker of adenosine receptor activation, and levels of the vasodilatory molecule
nitric oxide (NO), confirming that ENT1 inhibition increases adenosine signaling.
Overexpression of SLC29A1 disrupted adenosine signaling and resulted in decreased NO
levels, with a greater reduction in NO following bevacizumab treatment under conditions of
elevated SLC29A1 expression. These early results support the hypothesis that variation in
SLC29A1 expression contributes to interindividual variability in bevacizumab-induced
HTN, and low adenosine levels during angiogenesis inhibition may sensitize patients to a

rise in blood pressure during bevacizumab treatment.
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3.2 Introduction

Adenosine is an endogenous purine nucleoside that is a building block for nucleic acids and
adenosine triphosphate (ATP), an essential molecule for cellular energy transfer.
Adenosine also plays an important role as a signaling molecule in many physiological
processes, with general effects on tissue protection and repair!. Basal extracellular
adenosine concentrations normally range from 30-200 nM, and can reach levels of up to 30
UM in response to cellular damage such as hypoxia, ischemia, and inflammation? and local
concentrations as high as 100 pM3. One of adenosine’s effects is the promotion of

vasodilation, and adenosine infusion has been shown to decrease arterial blood pressure*.

Adenosine signals through four subtypes of G-protein-coupled receptors: A1, Aza, A2z, and
Azl (Figure 3.1). Adenosine-stimulated vasodilation in most arteries and vascular beds is
primarily mediated by the A2 receptor and, to a lesser extent, the Azg receptor®. Activation
of Az receptors on vascular endothelial and smooth muscle cells increases adenylyl cyclase
activity and results in an increase in intracellular cyclic AMP (cAMP)> (Figure 3.2).
Adenosine-induced release of endothelial nitric oxide synthase (eNOS)-dependent nitric
oxide (NO) from endothelial cells as well as opening of K* channels in smooth muscle cells
both contribute to vasodilation®. Adenosine has also been reported to increase endothelial

synthesis of prostacyclin (PGIz)¢, another vasodilatory molecule.
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Figure 3.1. Adenosine and adenosine receptor signaling. Extracellular adenosine is
primarily derived from the conversion of ATP to AMP by CD39, and AMP to adenosine by CD73.
Adenosine is metabolized to inosine by adenosine deaminase (ADA), to AMP by adenosine
kinase (AK), or to S-adenosylhomocysteine (SAH). Extracellular adenosine concentrations are
further regulated by the activity of nucleoside transporters (NT). Adenosine can bind to four
different G-protein-coupled receptor subtypes (A1, Aza, Ao, As), activating secondary messenger
pathways. cAMP, cyclic AMP; PKA, protein kinase A; ERK, extracellular signal-regulated
kinase; MAPK, mitogen-activated protein kinase.
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Figure 3.2. Effects of adenosine receptor signaling on the regulation of blood pressure.

Adapted from Zapata-Sudo et aP.

NO and PGI; also lie downstream of vascular endothelial growth factor (VEGF) signaling
and have been implicated in hypertension (HTN) resulting from VEGF inhibition”.
Concentration-dependent increases in VEGF expression have been shown to be mediated

by adenosine Az receptor signaling in cultured endothelial cells®°, and direct infusion of
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adenosine increased plasma VEGF concentrations in humans#. In this way, adenosine may

promote NO and PGI; synthesis both directly and through upregulation of VEGF expression.

Extracellular adenosine concentrations are regulated by ectonucleotidase-mediated
hydrolysis of adenine nucleotides at the extracellular surface of tissues, metabolism by
adenosine kinase or adenosine deaminase, or by transporter-mediated movement across
cell membranes?2 (Figure 3.1). Such transporters include equilibrative nucleoside
transporters (ENTs) and concentrative nucleoside transporters (CNTs). ENTs regulate
circulating levels of adenosine by mediating bidirectional transport across membranes via
facilitated diffusion down a concentration gradient!?. ENT1, one of four members of the
ENT family, is ubiquitously but differentially expressed across tissues!l. Endothelial cells
express both ENT1 and ENT2, but ENT1 is responsible for approximately 80% of adenosine
transport in endothelial cells, with ENT2 mediating the remaining 20%?12. Elevated
circulating adenosine levels have been detected in ENT1-/- micel314, and increased
extracellular adenosine concentrations have been observed with reduced ENT1 expression
in human endothelial cells1>16, From this, it may be expected that decreases in ENT1
expression or function would then increase adenosine-mediated NO synthesis via an

accumulation of extracellular adenosine (Figure 3.3).
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Figure 3.3. Adenosine signaling increases endothelial nitric oxide synthase activity and
nitric oxide production. Extracellular adenosine is partially regulated by transport of adenosine
across endothelial cell membranes by equilibrative nucleoside transporter 1 (ENT1). Adenosine-

activated, Gs-coupled A,a receptor (A2aR) signaling leads to endothelial nitric oxide synthase

(eNOS)-dependent nitric oxide (NO) synthesis. AC, adenylyl cyclase; cAMP; cyclic AMP; PKA,

protein kinase A.
ENT1 is encoded by SLC29A1, which contains relatively few common polymorphisms17. A
single haplotype, ENT1*1, accounted for 91.3% of an ethnically diverse DNA sample set18,
and only six coding variants, two nonsynonymous and four synonymous, have been
reported, all at low allele frequencies!’. The two nonsynonymous variants (I1216T, E391K)
display normal nucleoside and nucleoside drug uptake kinetics8. However, SLC29A1
mRNA and ENT1 protein expression are highly variable among individuals and across
tissue types929, which could be due in part to genetic variation in regulatory regions. The

SLC29A1 promoter contains many putative transcription factor binding sites!?, and ENT1

expression has been shown to be regulated by a variety of factors including cell cycle phase,
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cell differentiation, deoxynucleotide levels, hypoxia, and phorbol ester treatment!l. ENT1
expression is also downregulated in several pathological conditions including gestational
diabetes, diabetes mellitus, hyperglycemia, and preeclampsia?! Expression in biopsy
samples also varies across cancer types and has been correlated with sensitivity to

cytotoxic nucleoside analogs1:20,

The known effects of VEGF, adenosine, and ENT1 on vasodilation suggest that variation in
ENT1 expression and function could influence blood pressure during VEGF inhibition with
bevacizumab. The sequencing analysis described in Chapter 2 identified putative
regulatory variants near SLC29A1 associated with bevacizumab-induced HTN. The
evidence that SNPs in this region could alter SLC29A1 expression led to the hypothesis that
increased basal levels of ENT1 are associated with reduced adenosine signaling that
modulates the response of endothelial cells to bevacizumab treatment. To functionally
characterize the role of ENT1 in the pathogenesis of bevacizumab-induced HTN, studies
were performed in cultured human endothelial cells exposed to bevacizumab. Markers of
adenosine and vasodilatory signaling were measured upon modulation of adenosine

receptor function, VEGF receptor function, ENT1 function, or SLC29A1 expression.

3.3 Materials and Methods
3.3.1 Cell culture
Human umbilical vein endothelial cells (HUVEC; C0035C; Thermo Fisher Scientific Inc.,

Waltham, MA) were maintained in endothelial cell growth medium-2 (EGM-2; Lonza,
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Walkersville, MD) at 37 °C with 5% CO-. Cells within passages 2-5 were seeded on 24-well

collagen-coated plates for experiments.

3.3.2 Pharmacological treatment

HUVEC were serum-starved overnight in endothelial basal medium-2 (EBM-2; Lonza) with
0.5% fetal bovine serum. Cells were then treated for one hour at 37 °C with adenosine
(Sigma-Aldrich, St. Louis, MO) or 5'-N-ethylcarboxamidoadenosine (NECA; Abcam,
Cambridge, MA). Where indicated, human VEGF165 (50 ng/mL; Sigma-Aldrich) and
bevacizumab (at 10X molar ratio of VEGF; provided by Genentech, South San Francisco, CA)

were added during the 1-hour treatment period.

For inhibitor experiments, cells were pre-incubated for 30 minutes at 37 °C with non-
selective adenosine receptor antagonist CGS-15943 (1 uM; Tocris Bioscience, Bristol, UK),
VEGFR2 inhibitor ZM323881 hydrochloride (HCI) (1 uM; Tocris Bioscience), or ENT1
inhibitor S-(4-Nitrobenzyl)-6-thioinosine (NBTI, 1 uM; Sigma-Aldrich). Inhibitors were

added at the same concentrations during the 1-hour treatment period.

3.3.3 Overexpression of SLC29A1

At approximately 90% confluency, HUVEC were transiently transfected according to the
manufacturer’s protocol with 0.75 uL/well Lipofectamine 3000 (Thermo Fisher), 1 pL/well
P3000 reagent (Thermo Fisher), and 500 ng/well plasmid DNA in EGM-2. Cells were
transfected with pcDNA3.1(+) vector containing human SLC29A1 cDNA (ORF clone ID

OHu16500D; GenScript, Piscataway, NJ). HUVEC transfected with empty pcDNA3.1(+)
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vector (Thermo Fisher) were used as negative controls. Cells were incubated at 37 °C for
20 hours following transfection, then serum-starved for four hours (instead of overnight as

in untransfected cells) prior to pharmacological treatment.

To confirm SLC29A1 overexpression, RNA was isolated using the RNeasy Mini Kit (Qiagen,
Valencia, CA) and reverse transcribed using the iScript cDNA Synthesis Kit (Bio-Rad,
Hercules, CA), according to the manufacturers’ protocols. Quantitative real-time PCR
reactions prepared with Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher) were
run on the 7900HT Fast Real-time PCR System (Applied Biosystems, Foster City, CA) at 95
°C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. qRT-PCR data

were analyzed by SDS software v2.4 (Applied Biosystems).

3.3.4 Measurement of cyclic AMP and nitric oxide

Intracellular cAMP levels were measured with a Human cAMP ELISA kit (ab133051;
Abcam) following sample acetylation. Total nitrate and nitrite levels, as a measure of nitric
oxide, were measured with a colorimetric Nitric Oxide Assay kit (ab65328; Abcam). Levels
of 6-keto-Prostaglandin F; alpha (6k-PGF; alpha) and 2,3-dinor-6-keto-Prostaglandin

F1 alpha (2,3d-6k-PGF; alpha), the two major metabolites of prostacyclin, were measured

with a Urinary Prostacyclin ELISA kit (ab133032; Abcam).

3.3.5 Statistical analysis
Linear trends across levels of adenosine or NECA were assessed by a Cochran-Armitage

test. Differences between groups were analyzed using unpaired t-test, two-way analysis of
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variance (ANOVA), or three-way ANOVA, as appropriate. Differences with two-sided P-
values < 0.05 were considered statistically significant. Statistical analyses and visualization

were conducted using the R statistical environment?2 and ggplot223.

3.4 Results

3.4.1 Characterization of adenosine and VEGF signaling in HUVEC

To establish the dose-dependent effects of adenosine in HUVEC, cells were treated with
increasing concentrations of either adenosine or NECA, an adenosine analog. cAMP levels,
as a measure of adenosine receptor signaling, increased as a function of NECA
concentration (Figure 3.4A). Increases in levels of NO and PGI: (Figures 3.4B and 3.4C) also
showed NECA dose dependency. VEGF (50 ng/mL) was added to increase the robustness of
VEGF signaling, and the levels of NO and PGI; were generally higher in the presence of
exogenous VEGF (Figure 3.4). Increases in cAMP, NO, and PGI; were similar between NECA
and adenosine treatment, and a dose-dependent response to adenosine in the presence of

VEGF was still observed for cAMP, NO, and PGI; levels (Figure 3.5).
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To determine how much of the measured effects on cAMP, NO and PGI; were stimulated
through adenosine receptor signaling, HUVEC were treated with the non-selective
adenosine receptor antagonist CGS-15943 prior to and during exposure to adenosine and
VEGF. cAMP levels decreased by over 80% upon treatment with CGS-15943 (Figure 3.6A),
demonstrating minimal non-adenosine-stimulated cAMP levels in the system. NO levels
were decreased by half in the presence of CGS-15943 (Figure 3.6B). Preliminary results
show that CGS-15943 also reduces PGI; levels by approximately 25% in the presence of 10

uM NECA (data not shown).
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Figure 3.6. Effects of adenosine receptor blockade on adenosine and VEGF signaling in
HUVEC. Treatment of HUVEC with the non-selective adenosine receptor antagonist CGS-
15943 (1 uM) in the presence of 10 uM adenosine and 50 ng/mL VEGF decreased levels of A)
cyclic AMP (cAMP; P = 0.005) and B) nitric oxide (P = 0.002). Points represent means from
three independent experiments; lines represent group means. Differences between CGS-15943-
treated and vehicle-treated cells were analyzed by an unpaired t-test.

HUVEC were also treated with the VEGFR2 inhibitor ZM323881 HCI to determine the
contribution of VEGFR2 signaling to each measured effect. Preliminary data show that

ZM323881 HCI had no effect on cAMP but decreased both NO and PGI; levels. Furthermore,
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treatment of HUVEC with both CGS-15943 and ZM323881 HCl had additive effects on NO
levels, almost completely abolishing its production. cAMP levels were similar to those in
cells treated only with CGS-15943, suggesting that VEGFR2 inhibition has no effect on
adenosine receptor activity. PGI; levels were similar to those in cells treated only with ZM
323881 HC(], indicating that PGI; production does not depend on adenosine receptor

signaling.

3.4.2 Effect of bevacizumab on adenosine and VEGF signaling

The effects of bevacizumab on cAMP, NO, and PGI; were examined in the presence of
adenosine and VEGF. Bevacizumab treatment decreased NO levels at all tested adenosine
concentrations but had no effect on cAMP (Figure 3.7). Preliminary data also showed a
decrease in PGI; levels. These results suggest that bevacizumab has no direct effect on
adenosine receptor signaling and that NO and PGI: levels reflect both adenosine and VEGF

signaling.
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3.4.3 Effect of ENT1 inhibition on adenosine and VEGF signaling

The effect of ENT1 inhibition with NBTI on adenosine and VEGF signaling was tested in the
presence of adenosine and VEGF. NBTI-treated cells showed increased cAMP levels
compared to vehicle-treated controls at all tested adenosine concentrations (Figure 3.8A),
indicating an increase in adenosine receptor signaling. NBTI also increased NO levels
(Figure 3.8B) and slightly increased PGI: levels (preliminary data only; not shown)
compared to controls. The addition of bevacizumab resulted in small but significant
decreases in NO and PGI; levels both in the presence and absence of NBTI, but had no effect

on cAMP levels.
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3.4.4 Effect of SLC29A1 overexpression on adenosine and VEGF signaling

The functional effects of increased SLC29A1 expression were evaluated in HUVEC
transfected with SLC29A1 cDNA. SLC29A1-transfected HUVEC were confirmed to
consistently have more than a 100-fold increase in SLC29A1 mRNA expression compared

to empty vector-transfected control cells (difference of mean relative expression: P =

0.0002).

SLC29A1-overexpressing HUVEC, in the presence of adenosine and VEGF, decreased the
generation of cAMP when compared to empty vector-transfected controls at all tested
adenosine concentrations (Figure 3.9A), indicating a decrease in adenosine receptor
signaling. SLC29A1-overexpressing HUVEC also showed decreased NO levels (Figure 3.9B),
while PGI; levels were reduced only slightly by SLC29A1 overexpression (preliminary data
only; not shown). The addition of bevacizumab further reduced NO and PGI; levels in all
cells but had no effect on cAMP levels. The inhibitory effect of bevacizumab on NO levels
ranged from an 18-44% decrease in empty vector-transfected cells compared to a 50-75%
decrease in SLC29A1-transfected cells, demonstrating a greater reduction in NO following

bevacizumab treatment under conditions of high SLC29A1 expression.

136



'VAONY
Kem-2a1y) Aq pazAjeue aiem UOIRIJUSOUOD BuISOUspe yoes e sdnolb pajosjsuel-AJ pue pajoajsuell-|\Y6Z01S usamiaq ainsodxa

Ag Jo uosuedwod a8y} pue uoissaldxalano LYeZD1S JO Sjoays ay| suesw dnolb yussaidas saui| ‘sjuswiiadxs Juspuadapul Jnoy Jo
994y} Wolj sueaw Juasaidal sjulod ‘(A ul 10848 Ag 0} paiedwod Z0'0 = o) SI182 Pajodjsuel)-LvYeZD 1S du) Ul 10ays Aloyqiyul Jeyealb
e pey pue sdnoib yjoq ul s|aAs| ON paanpal Ag 0} ainsodx3 (4, 01 X Z > 4) DIANH Paodsuel}-A3 0} pasedwod uaym (ON) dpIxo
OlI}IU JO 8sea|al 8y} pasealoap uoissaldxalano L6z 1S (g 'dnolb Jayus ul Ny Uo 108yd ou pey (493 Jo onjes Jejow X0l ‘Ag)
qewnzioeasq o} ainsodx3 “(;, 0L X Z > d) DIANH Pajodjsuel3-A3 0} paledwod usym suisouspe o} asuodsal ul (dINV2) dINY 21194 jo
uonesauab ay) pasealoap uoissaldxalano Ly6z01S (V (NN 001 ‘0L ‘L°0) duisouspe pue 493 A Jw/bBu oG ul pajeqnoul aiam DIANH

pajoaysuel] (AJ) |013u0o aAiebau B se DJANH OUl Pajoajsuel) sem 10j0aA Aldwg "3 ANH Olul pajoajsuel) sem YNA2 LVY6ZO1S
Buipoous 10}J08A uoissaldxa uy *93ANH ul Buljeubis 493\ pue auisoudpe uo uoissaIdxalano-Ly6ZI1S 4O S}0alg "6°¢ 24nbi4

Ag+ Ag+ Ag + Ag+ Ag+ Ag+
IV6Z01S LV6ZOTS A3 A3 IV6ZO1S IV6ZOTS A3 A3 IV6201S IV6ZOTS A3 A3
L L Lo =
. B ’ C ° 8
- s [ ] Lo ru L L5 =
™ . s
[ ] 3
* Lot -+ Lot T ¢ Lo &
— LJ — -}
H LGy ol = L, ®
s g
. L 0z . L0z 4+ [® 2
e b L G2 - LSz T F
. — o€ L og e &,
' L ce L se e =
opy Wr 001 opy M 0} opy WA L0 m
A+ Ag + Ag+ A+ Ag + Ag+
LV62DTS LV620TS A3 A3 LV6201S LV620T1S A3 A3 LV62D1S LV62DT1S A3 A3
00 -4 P 00 - - FO0
+~  +
o < S0 L5 Lso
- . 2
. — =
oL - Y L o1 Lo T
* )
L =
—_  tsu L gy LgL =
- ]
d Loz Loz Loz

<

opy wr 00l opy r 01 opy W 10

137



3.5 Discussion

In this study, the effects of ENT1 and bevacizumab on vasodilatory signaling pathways
were examined to better understand how changes in adenosine and VEGF signaling may
contribute to bevacizumab-induced HTN. A HUVEC model was developed that responded to
adenosine treatment as expected, with dose-dependent increases in cAMP, NO and PGI;
production. Bevacizumab appears to have no direct effects on adenosine receptor activity,
as indicated by the insensitivity of cAMP generation to bevacizumab treatment.
Pharmacological inhibition of ENT1 was confirmed to increase adenosine receptor
signaling and NO synthesis. Furthermore, overexpression of SLC29A1 decreased adenosine
receptor signaling and NO synthesis. Bevacizumab treatment reduced NO levels, with
enhanced sensitivity under conditions of elevated SLC29A1 expression. Preliminary data
suggest that the effects of ENT1 inhibition and SLC29A1 overexpression on PGI; levels
follow the same trends as NO levels, but while NO is generated as a result of both adenosine
and VEGF signaling, PGI; synthesis appears to be driven primarily by VEGF signaling and is
less sensitive to changes in adenosine. Our data also suggest that a combination of SLC29A1
overexpression, low extracellular adenosine, and bevacizumab treatment (or low basal
VEGF) may all interact to downregulate NO synthesis, although additional studies are

required to rigorously test this hypothesis.

These results represent work that is still in progress, as measurement of ENT1 protein
expression levels and additional functional testing are still needed. A major limitation of
this study is the lack of measured adenosine levels and adenosine uptake. Adenosine levels

fluctuate and are known to be difficult to measure accurately, due to ATP release and
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hydrolysis during sample handling and rapid adenosine phosphorylation by adenosine
kinase or metabolism by adenosine deaminase®29. Instead, cCAMP levels were used as a
marker of adenosine receptor activation, with minimal levels of cAMP detected when
adenosine receptor signaling was chemically blocked. However, assessment of cellular
adenosine uptake in this system is still required to truly understand the effects of ENT1

expression.

Another limitation of our endothelial cell model is the inability to account for the
pleiotropic effects of adenosine in other cell types and tissues, including regulation of
vasodilation through paracrine effects on vascular smooth muscle cells. A combined
vascular endothelial and smooth muscle cell model would enable detection of the effects of
bevacizumab on measures of contractility in smooth muscle. However, any in vitro system
is still unable to accurately predict in vivo effects. Although modulation of ENT1 showed
rapid changes in adenosine signaling and NO levels in our model, the body is likely to
develop compensatory mechanisms to adapt to differences in adenosine flux and maintain
homeostasis. An increase in adenosine deaminase and A2 receptor expression was
previously reported in microvascular endothelial cells and skeletal muscle of ENT1-/- mice
compared to wildtype mice?4, and although ENT1-/- mice had increased plasma adenosine
concentrations, their mean arterial blood pressure was similar to ENT1+/* micel314,
Changes in ENT1 expression or adenosine levels may also affect the expression or activity
of other nucleoside transporters, adenosine receptors, or adenosine-generating or

metabolizing enzymes, possibly attenuating the response to altered ENT1 expression.
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While there is expected to be a tight regulation of adenosine receptor signaling under
normal conditions, exposure to bevacizumab could perturb this homeostatic balance
(Figure 3.10). Increased ENT1 expression may impair the endothelium’s ability to maintain
a necessary amount of adenosine-stimulated NO production while under reduced VEGF
signaling. Decreased PGI; production from VEGF inhibition would further contribute to
vasoconstriction. NO itself has been reported to reduce SLC29A1 promoter activity in
HUVEC?5, so a downregulation of NO synthesis may sustain increased ENT1 expression
levels. Patients with increased basal ENT1 expression and function would therefore be
more sensitive to VEGF inhibition by bevacizumab. In vivo studies are needed to confirm
this hypothesis, and extended treatment periods with bevacizumab should be tested to

determine whether the same effects manifest over a longer time scale.
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Figure 3.10. Hypothesized mechanism of increased ENT1 expression on bevacizumab-
induced hypertension. In a normal vascular endothelial cell, equilibrative nucleoside
transporter 1 (ENT1) allows for movement of adenosine across the cell membrane. Extracellular
vascular endothelial growth factor (VEGF) and adenosine signal through VEGF receptor 2
(VEGFR2) and A, adenosine receptor (A2aR), respectively, to upregulate endothelial nitric
oxide synthase (eNOS) activity and increase nitric oxide (NO) synthesis. VEGFR2 activation
also promotes prostacyclin (PGl,) synthesis. When ENT1 expression is increased, extracellular
adenosine and AxR activity decrease, resulting in reduced NO levels. Bevacizumab, which
binds VEGF, downregulates VEGFR2 signaling and reduces both NO and PGl levels. The
combined effects of reduced adenosine and VEGF signaling may contribute to vasoconstriction
and overall systemic resistance in the blood vessels.

Based on data from in silico analyses, the top SNPs associated with bevacizumab-induced
HTN reported in Chapter 2 are located in putative regulatory regions in HUVEC. Three of
the four SNPs are in moderately transcribed regions just downstream of SLC29A1 that are
enriched for genomic features indicative of enhancer activity. A fourth SNP, while notin a
predicted strong transcriptionally active region, was found to be associated with increased
SLC29A1 expression in monocytes. While additional studies are needed to determine the
effects of these SNPs on SLC29A1 expression, increased SLC29A1 expression would

support our hypothesized model. Similar changes in sensitivity to bevacizumab treatment
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could also occur following changes in ENT1 expression or function as a result of epigenetic

regulation of SLC29A1 or drug interactions.

Adenosine transport kinetics could also play a role in bevacizumab sensitivity. While
increased extracellular adenosine concentrations have been consistently observed with
reduced ENT1 expression, the bidirectional and equilibrative nature of ENT1-mediated
adenosine transport may complicate this relationship. A decreased Vmax for ENT1-mediated
adenosine uptake has been reported in both HUVEC during gestational diabetes2¢ and
human placental microvascular endothelial cells during preeclampsial® when compared to
normal cells, though apparent Ky, values did not change. The extent to which ENT1
modulates adenosine signaling will also be dependent on adenosine concentrations in the
system, which can exceed the dissociation constant (Kq: ~40 uM) of ENT1 for adenosine??
during pathogenic conditions but are much lower under normal conditions. Adenosine
concentrations can also regulate receptor binding; A2a receptors have high binding affinity
(Ka: 0.1-1.0 uM) for adenosine while Azg receptors have lower affinity (Kq: = 10 uM)?28,
Therefore, adenosine signals primarily through the Aza receptor in the presence of low
extracellular adenosine levels and shifts toward Azg receptor signaling as adenosine levels
increase, as has been observed in pathological states. Changes in rates of adenosine
formation and degradation would also alter its extracellular concentrations. Direct effects
on adenosine transport rates, receptor binding affinities, or enzyme kinetics modulated by
genetic effects or drug interactions should be considered during future functional studies of

bevacizumab treatment.
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Altered adenosine signaling and nucleoside transporter expression have also been
investigated in the development of preeclampsia, a complication of pregnancy that is
characterized by high blood pressure. Increased adenosine concentrations and decreased
SLC29A1 expression and ENT1 transport activity have been observed during
preeclampsial®29, Although the association of increased adenosine with increased blood
pressure contradicts our hypothesized mechanism, our findings still support the idea of
dysregulated adenosine transport having a large effect on blood pressure. Other
observations during preeclampsia include increased CD39 and CD73 activity?° and
upregulation of soluble VEGFR1 (sFlt-1)39, which binds to VEGF as bevacizumab does.
Enhanced Azp receptor signaling has been associated with both increased sFlt-1 secretion3!
and decreased ENT1 expression!®. Although pregnancy and cancer are likely to exert
different physiological influences on adenosine signaling, such mechanisms may be worth

investigating in the context of bevacizumab-induced HTN.

3.6 Conclusions

In this study, the effects of ENT1 and bevacizumab on vasodilatory signaling pathways
were examined to better understand how the interaction of adenosine and VEGF signaling
may contribute to bevacizumab-induced HTN. These results represent work still in
progress, but the data presented support the hypothesis that basal levels of SLC29A1
expression contribute to interindividual variability in bevacizumab-induced HTN. If true,
low extracellular adenosine levels during angiogenesis inhibition may sensitize patients to

arise in blood pressure during bevacizumab exposure.

143



3.7 References

1.

10.

11.

12.

13.

Jacobson KA, Gao Z-G. Adenosine receptors as therapeutic targets. Nat Rev Drug
Discov. 2006;5(3):247-64.

Chen J-F, Eltzschig HK, Fredholm BB. Adenosine receptors as drug targets — what
are the challenges? Nat Rev Drug Discov. 2013;12(4):265-86.

Sottofattori E, Anzaldi M, Ottonello L. HPLC determination of adenosine in human
synovial fluid. ] Pharm Biomed Anal. 2001;24(5-6):1143-6.

Adair TH, Cotten R, Gu J-W, Pryor |JS, Bennett KR, McMullan MR, McDonnell P,
Montani J-P. Adenosine infusion increases plasma levels of VEGF in humans. BMC
Physiol. 2005;5:10.

Zapata-Sudo G, Sudo SZ, Alencar AKN, Sudo RT. Targeting of the adenosine receptors
as a novel strategy for the treatment of arterial hypertension. ] Neurol Neurophysiol.
2014;5:243.

Ray (], Abbas MR, Coney AM, Marshall JM. Interactions of adenosine, prostaglandins
and nitric oxide in hypoxia-induced vasodilatation: in vivo and in vitro studies. ]
Physiol. 2002;544 (Pt 1):195-209.

Facemire CS, Nixon AB, Griffiths R, Hurwitz H, Coffman TM. Vascular endothelial
growth factor receptor 2 controls blood pressure by regulating nitric oxide synthase
expression. Hypertension. 2009;54(3):652-8.

Escudero C, Roberts JM, Myatt L, Feoktistov I. Impaired adenosine-mediated
angiogenesis in preeclampsia: potential implications for fetal programming. Front
Pharmacol. 2014;5:134.

Adair TH. Growth regulation of the vascular system: an emerging role for adenosine.
Am ] Physiol Regul Integr Comp Physiol. 2005;289(2):R283-96.

Baldwin SA, Beal PR, Yao SYM, King AE, Cass CE, Young |JD. The equilibrative
nucleoside transporter family, SLC29. Pflugers Arch. 2004;447(5):735-43.

Young ]D, Yao SYM, Sun L, Cass CE, Baldwin SA. Human equilibrative nucleoside
transporter (ENT) family of nucleoside and nucleobase transporter proteins.
Xenobiotica. 2008;38(7-8):995-1021.

San Martin R, Sobrevia L. Gestational diabetes and the adenosine/L-arginine/nitric
oxide (ALANO) pathway in human umbilical vein endothelium. Placenta.
2006;27(1):1-10.

Rose |B, Naydenova Z, Bang A, Ramadan A, Klawitter ], Schram K, Sweeney G, Grenz
A, Eltzschig H, Hammond ], Choi D-S, Coe IR. Absence of equilibrative nucleoside

144



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

transporter 1 in ENT1 knockout mice leads to altered nucleoside levels following
hypoxic challenge. Life Sci. 2011;89(17-18):621-30.

Li L, Mizel D, Huang Y, Eisner C, Hoerl M, Thiel M, Schnermann J. Tubuloglomerular
feedback and renal function in mice with targeted deletion of the type 1 equilibrative
nucleoside transporter. Am ] Physiol Renal Physiol. 2013;304(4):F382-9.

Vasquez G, Sanhueza F, Vasquez R, Gonzalez M, San Martin R, Casanello P, Sobrevia L.
Role of adenosine transport in gestational diabetes-induced L-arginine transport and
nitric oxide synthesis in human umbilical vein endothelium. ] Physiol. 2004;560(Pt
1):111-22.

Escudero C, Casanello P, Sobrevia L. Human equilibrative nucleoside transporters 1
and 2 may be differentially modulated by A2B adenosine receptors in placenta
microvascular endothelial cells from pre-eclampsia. Placenta. 2008;29(9):816-25.

Pharmacogenetics of Membrane Transporters Database. UCSF Pharmacogenetics of
Membrane Transporters. 2015 [cited 2017 Jan 10]. Available from:
http://pharmacogenetics.ucsf.edu/

Osato DH, Huang CC, Kawamoto M, Johns §], Stryke D, Wang ], Ferrin TE, Herskowitz
I, Giacomini KM. Functional characterization in yeast of genetic variants in the

human equilibrative nucleoside transporter, ENT1. Pharmacogenetics.
2003;13(5):297-301.

Abdulla P, Coe IR. Characterization and functional analysis of the promoter for the
human equilibrative nucleoside transporter gene, hENT1. Nucleosides Nucleotides
Nucleic Acids. 2007;26(1):99-110.

Pennycooke M, Chaudary N, Shuralyova I, Zhang Y, Coe IR. Differential expression of
human nucleoside transporters in normal and tumor tissue. Biochem Biophys Res
Commun. 2001;280(3):951-9.

Vega JL, Puebla C, Vasquez R, Farias M, Alarcon ], Pastor-Anglada M, Krause B,
Casanello P, Sobrevia L. TGF- 1 inhibits expression and activity of hENT1 in a nitric

oxide-dependent manner in human umbilical vein endothelium. Cardiovasc Res.
2009;82(3):458-67.

R Core Team. R: A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing; 2013. Available from:
https://www.R-project.org/

Wickham H. ggplot2: Elegant Graphics for Data Analysis. Springer; 2009.

Bone DBJ, Choi DS, Coe IR, Hammond JR. Nucleoside/nucleobase transport and
metabolism by microvascular endothelial cells isolated from ENT1-/- mice. Am ]
Physiol Heart Circ Physiol. 2010;299(3):H847-56.

145



25.

26.

27.

28.

29.

30.

31.

Farias M, San Martin R, Puebla C, Pearson |D, Casado JF, Pastor-Anglada M, Casanello
P, Sobrevia L. Nitric oxide reduces adenosine transporter ENT1 gene (SLC29A1)
promoter activity in human fetal endothelium from gestational diabetes. ] Cell
Physiol. 2006;208(2):451-60.

Westermeier F, Salomon C, Farias M, Arroyo P, Fuenzalida B, Sdez T, Salsoso R,
Sanhueza C, Guzman-Gutiérrez E, Pardo F, Leiva A, Sobrevia L. Insulin requires
normal expression and signaling of insulin receptor A to reverse gestational
diabetes-reduced adenosine transport in human umbilical vein endothelium. FASEB
J. 2015;29(1):37-49.

Carrier EJ, Auchampach JA, Hillard CJ. Inhibition of an equilibrative nucleoside
transporter by cannabidiol: a mechanism of cannabinoid immunosuppression. Proc
Natl Acad Sci. 2006;103(20):7895-900.

Daly JW, Butts-Lamb P, Padgett W. Subclasses of adenosine receptors in the central
nervous system: interaction with caffeine and related methylxanthines. Cell Mol
Neurobiol. 1983;3(1):69-80.

Salsoso R, Farias M, Gutiérrez ], Pardo F, Chiarello DI, Toledo F, Leiva A, Mate A,
Vazquez CM, Sobrevia L. Adenosine and preeclampsia. Mol Aspects Med. 2017.
do0i:10.1016/j.mam.2016.12.003 [Epub ahead of print]

Powe CE, Levine R], Karumanchi SA. Preeclampsia, a disease of the maternal
endothelium: the role of antiangiogenic factors and implications for later
cardiovascular disease. Circulation. 2011;123(24):2856-69.

Iriyama T, Sun K, Parchim NF, Li ], Zhao C, Song A, Hart LA, Blackwell SC, Sibai BM,
Chan L-NL, Chan T-S, Hicks M], Blackburn MR, Kellems RE, Xia Y. Elevated placental
adenosine signaling contributes to the pathogenesis of preeclampsia. Circulation.
2015;131(8):730-41.

146



Chapter 4: Identification of Bevacizumab-Induced Hypertension Risk Variants by

Genome-Wide Association

4.1 Abstract

Bevacizumab is a vascular endothelial growth factor (VEGF)-specific angiogenesis inhibitor
indicated as an adjunct to chemotherapy for the treatment of several types of cancer.
Hypertension (HTN) is commonly observed during bevacizumab treatment, and high-grade
toxicity can limit therapy or lead to other cardiovascular complications. The factors that
contribute to interindividual variability in blood pressure response to bevacizumab
treatment are not well understood. A genome-wide association study was conducted on
415 breast cancer patients from a clinical study of paclitaxel, nab-paclitaxel, or ixabepilone
combined with bevacizumab treatment. Cox proportional hazards models with the
cumulative bevacizumab exposure to the first occurrence of grade 2+ HTN or grade 3+ HTN
were used to identify variants associated with bevacizumab-induced HTN. The top hits of
these respective analyses included a locus upstream of MSH6 (rs2018541: P=1.6 x 107, HR
2.9,95% CI 1.9-4.3) associated with grade 2+ HTN, and an intronic SNP in SDC4
(rs1981431: P=2.1x 107, HR 0.3,95% CI 0.2-0.4) associated with grade 3+ HTN. Both of
these genes have been previously implicated in the regulation of VEGF or blood pressure.
Other top associations of potential biological interest include a SNP in ASB5 and a SNP
associated with SMYD5 expression. While these findings require independent validation,
these results suggest that genetic variation in these genes may influence the risk of

developing HTN while being treated with bevacizumab. Further studies are warranted to
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determine the specific role that these genes play in the pathogenesis of bevacizumab-

induced HTN.

4.2 Introduction

Bevacizumab is a recombinant humanized monoclonal antibody that targets human
vascular endothelial growth factor-A (VEGF), preventing its binding to VEGF receptor 2
(VEGFR2). The development of hypertension (HTN) is frequently observed?3 during
treatment with bevacizumab and may lead to serious cardiovascular complications. Upon
blood pressure elevation, bevacizumab is either held temporarily or discontinued*, thereby
limiting therapy that may otherwise be beneficial. There are currently no validated
biomarkers to predict bevacizumab toxicity, and the factors that contribute to
interindividual variability in blood pressure response to bevacizumab treatment are not

well understood.

Prior studies have evaluated and identified associations between HTN incidence during
bevacizumab treatment and common candidate single nucleotide polymorphisms (SNPs) in
genes encoding VEGF (VEGFA)>° and VEGFR2 (KDR)1%; however, the directions of effect for
several of these findings are discordant. More recent studies utilizing expanded candidate
gene and genome-wide strategies have identified a risk variant in SV2C!! and modest
associations in EGLN3, EGF, and WNK112, Given the heritable but complex nature of
primary HTN, the genetic architecture underlying bevacizumab-induced HTN is also likely
to be polygenic. Additional examination of genetic variation in non-VEGF pathways may

identify potential novel mechanisms contributing to bevacizumab-induced HTN.
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Large effect phenotypes exhibited by some pharmacogenetic traits have provided great
statistical power for genetic association studies in relatively small sample sizes. Genome-
wide association studies (GWAS) have been successful in identifying variants associated
with drug toxicities, including statin-induced myopathy?3, flucloxacillin-induced liver
injury4, and carbamazepine-induced hypersensitivity and skin reactions>16, Only one
prior study!! of bevacizumab-induced HTN has used a genome-wide approach, while other

studies have been limited to genotyping of candidate variants.

This GWAS aims to identify novel genetic predictors of bevacizumab-induced HTN in a
cohort of breast cancer patients. This serves as a complementary but independent study to
the exome sequencing study described in Chapter 2, in which a binary outcome of extreme
toxicity phenotypes was analyzed in a small cohort. The larger population examined in this
GWAS lends more statistical power to detect common variant associations using a

cumulative dose model.

4.3 Materials and Methods

4.3.1 Patient population

The patient cohort for this study was selected from Cancer and Leukemia Group B (CALGB)
40502 (Alliance; NCT00785291), a phase IlI trial comparing weekly paclitaxel to weekly
nab-paclitaxel or ixabepilone combined with bevacizumab as first-line treatment of locally
recurrent or metastatic breast cancer!’ (Figure 4.1). Patients were randomized to
treatment with paclitaxel (90 mg/m?2), nab-paclitaxel (150 mg/m?2), or ixabepilone (16

mg/m?2), on Days 1, 8, and 15 of each 28-day treatment cycle. If elected to be treated with

149



bevacizumab, patients received 10 mg/kg IV on Days 1 and 15 of each cycle. Of 799
patients accrued to the trial, 783 received chemotherapy and 97% received bevacizumab. A
total of 669 women provided written informed consent for sample procurement and
analysis, as part of a pharmacogenetic correlative substudy within the parent protocol, and
635 participants had DNA available in the CALGB/Alliance sample repository. All studies
were approved by the National Cancer Institute's Institutional Review Board and by local

institutional review boards, as appropriate.

CALGB 40502

Stratification
Taxane as adjuvant therapy (Y/N)
ER/PgR status (Either + / Both -)
Bevacizumab (Y/N)

rd v "

Arm A Arm B Arm C
Paclitaxel +/- Nab-paclitaxel +/- Ixabepilone +/-
bevacizumab bevacizumab bevacizumab

1 cycle = 28 days
Chemotherapy: Days 1,8 & 15
Bevacizumab (10 mg/kg): Days 1 & 15

Figure 4.1. CALGB 40502 trial design. The current pharmacogenomic analysis utilized
samples and toxicity phenotype data from a subset of the patients participating in CALGB
40502.

4.3.2 Bevacizumab-induced hypertension phenotype

Demographic and clinical data were collected from all patients and reviewed extensively
for accurate reporting of adverse events and bevacizumab dosing for each treatment cycle
(Figure 4.2). Eligibility criteria required no history of uncontrolled HTN, defined as systolic

blood pressure > 150 mmHg and/or diastolic blood pressure > 90 mmHg on
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antihypertensive medications, or any prior history of hypertensive crisis or hypertensive
encephalopathy. Blood pressure was measured prior to registration, and a history of high
blood pressure was self-reported by patients at registration. Toxicity data were collected
on Day 1 of each treatment cycle. The severity of HTN was recorded on a scale of 0-5
according to the National Cancer Institute’s Common Terminology Criteria for Adverse
Events version 318 (Table 4.1). Patients not treated with bevacizumab were removed from
the analysis. From the patients without at least one reported HTN event, those with missing

AE forms were also excluded from analysis (Table 4.2).
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Figure 4.2. Hypertension events in CALGB 40502. Distribution of cycle number (top) or
cumulative dose of bevacizumab (bottom) to first occurrence of A) grade 2+ or B) grade 3+
hypertension.

151



Table 4.1. Assessment of hypertension in the National Cancer Institute’s Common

Terminology Criteria for Adverse Events version 3

Intervention not
indicated

Monotherapy may
be indicated

Grade 1 Grade 2 Grade 3 Grade 4 Grade 5
Asymptomatic, Recurrent or
transient (<24 hrs) persistent (=24
increase by >20 hrs) or
mmHg symptomatic Requiring more | Life-threatening
(diastolic) or to increase by >20 | than one drug or | consequences
>150/100 if mmHg (diastolic) more intensive (e.q., Death
previously or to >150/100 therapy than hypertensive
WNL' if previously WNL' previously crisis)

"WNL: Within normal limits

Table 4.2. Phenotype curation

N, excluded | N, remaining
subjects subjects
All subjects 799
Treated with bevacizumab 49 750
Missing AE forms (only if no HTN event) 8 742
Genetic European 288 454

4.3.3 Genotyping

Genomic DNA from consented subjects was extracted from whole blood samples using

standard DNA extraction techniques. Genotyping was performed on the

OmniExpressExome BeadChip (Illumina, San Diego, CA), which interrogated 964,055

variants, at the RIKEN Center for Integrative Medical Sciences. Sample replicates,

genotyping controls, and samples with discordant X-chromosome heterozygosity were

removed. To address potential confounding arising from population stratification, a

principal component analysis implemented through an Identity-by-State method in
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GenABEL?° and verified by EIGENSTRAT?2? was performed to identify 478 genetic European

subjects; of these genetic Europeans, 444 had curated HTN phenotype data (Table 4.3).

Table 4.3. Quality control of genotyped samples

N, excluded | N, remaining
samples samples
DNA samples 651
Successfully genotyped 2 649
Duplicates/genotyping controls 18 631
Mismatched sex 3 628
Genetic European 150 478
Curated toxicity phenotype data available 34 444
Complete phenotype data (including covariates) available 29 415

To eliminate suboptimal markers, genotypes were limited to autosomal SNPs with call rate
> 99%, no significant deviation from Hardy-Weinberg equilibrium (P > 1 x 10-8), and minor
allele frequency (MAF) > 0.05. Following application of these filters, 574,465 SNPs were
retained for analysis (Table 4.4). Imputed genotypes using genome-wide genotyping data
and sequencing data from the 1000 Genomes Project (generated by the Michigan

Imputation Server?!) were used to examine loci of interest following the primary analysis.

Table 4.4. Quality control of genotyped SNPs

N, excluded | N, remaining
Pre-QC 964,055
Autosomal 26,313 937,742
Call rate > 99% 58,396 879,346
Deviation from Hardy-Weinberg equilibrium 4 879,342
MAF > 5% 304,877 574,465
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4.3.4 Statistical analyses

Analyses were conducted with Cox proportional hazards models that accounted for early
treatment discontinuation due to non-HTN causes. The primary endpoints were the
cumulative bevacizumab dose (mg) at the first reported occurrence of grade 2+ HTN or the
cumulative bevacizumab dose at the first reported occurrence of grade 3+ HTN. In both
models, the total study bevacizumab exposure was used for patients who did not
experience a grade 2+ or 3+ event. All patients were uninformatively censored at two
years, or 26 treatment cycles. Models were stratified by treatment arm and adjusted for
age, BMI = 25, preexisting HTN, and preexisting diabetes, based on published data
describing clinical predictors of the toxicity22. Genetic models were assumed to be additive.
Associations with Bonferroni-adjusted P-values < 0.05 were considered statistically
significant. Cox models were implemented using the survival?3 package in the R statistical

environment?4,

4.3.5 In silico functional analysis

Functional annotations of variants with the smallest association P-values and their proxies
(r? > 0.8) were summarized in HaploReg?> and RegulomeDB?2¢. Predictions of functional
impact were obtained from computational algorithms including SIFT?7, PolyPhen-228,
GERP++29, and CADD?30, Allele frequencies were compared to those reported in 1000
Genomes Project EUR super-population3!. Noncoding variants were assessed primarily by
overlap with predicted functional elements from RNA-seq, ChIP-seq, and DNase |
hypersensitivity peak calls in the ENCODE Project3233 and the Roadmap Epigenomics

Project34. SNPs were queried against SCAN (http://www.scandb.org/), the Genotype-
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Tissue Expression (GTEx) Project Portal3>, EXSNP36, and PhenoScanner37? for previously

published expression quantitative trait loci (eQTL) associations.

4.3.6 Replication analysis of top associations

Top SNP associations were tested for replication in two independent cohorts of
bevacizumab-treated patients from clinical trials CALGB 804053839 (described in Chapter
2) and CALGB 9040140, Associations with grade 3+ HTN for available SNPs were also

looked up in the GWAS results of a third independent cohort in the ECOG-5103 trialll,

CALGB 80405 is a phase III trial conducted to determine if the addition of cetuximab to
FOLFIRI or FOLFOX chemotherapy prolongs survival compared to FOLFIRI or FOLFOX with
bevacizumab in patients with untreated advanced or metastatic colorectal cancer. CALGB
90401 is a phase IlI trial comparing docetaxel and prednisone with or without
bevacizumab in men with hormone refractory prostate cancer. ECOG-5103 is a phase III
adjuvant breast cancer trial of doxorubicin and cyclophosphamide followed by paclitaxel
with or bevacizumab. Sample sizes used in the analysis of these cohorts are listed in Table
4.5. CALGB 80405 samples were previously genotyped on the Human OmniExpress and
OmniExpressExome arrays ([llumina), and CALGB 90401 samples were genotyped on the

Human610-Quad array (Illumina) at the RIKEN Center for Integrative Medical Sciences.
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Table 4.5. Summary of replication cohorts

Study Covariates Phenotype' N, N,
cases controls
Early grade 3+ HTN 21 448
CALGB 80405 Preexisting HTN

Early grade 2+ HTN 70 399
Grade 3+ HTN 25 591

CALGB 90401 | | L dabeies
g Grade 2+ HTN 63 553

Age > 50, BMI > 30
ECOG-5103 (subjects with Grade 3+ HTN 177 387

preexisting HTN
excluded)
'Early HTN: HTN occurring within the first three treatment cycles (cumulative
bevacizumab dose: 60 mg/kg).
2N = Genotyped samples from genetic European, bevacizumab-treated patients.

Cox proportional hazards models, as described for the discovery analysis, were used to
evaluate associations in CALGB 90401 subjects. The number of cycles of bevacizumab
treatment was used in place of cumulative dose; subjects received 15 mg/kg bevacizumab
once per 21-day cycle. In CALGB 80405, for which toxicity data was available only for the
first three 8-week treatment cycles (cumulative dose 60 mg/kg), SNPs were tested with a
binary model for association with early grade 2+ or grade 3+ HTN using logistic regression
(glm function implemented in R24). Tests were adjusted for the same covariates as in the
discovery analysis, where available (Table 4.5). Cumulative dose model associations from
existing ECOG-5103 GWAS results are reported here; analysis methods have been
previously described!l. Associations with Bonferroni-adjusted P-values < 0.05/N (where N

was the number of variants tested) were considered statistically significant.
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4.4 Results

4.4.1 Subject characteristics

Of 444 subjects, 139 (31%) developed on-treatment grade 2+ HTN, and 49 (11%)
developed grade 3+ HTN. Of 415 subjects with non-missing covariate data, 121 grade 2+
HTN events (29%) and 43 grade 3+ HTN events (10%) were analyzed. The demographic

and clinical characteristics of the analyzed cohort are summarized in Table 4.6.

Table 4.6. Characteristics of subjects included in discovery analyses

All Grade 2+ HTN Grade 3+ HTN
(N = 415) (N=121) (N =43)
Age (mean, range) 57 (28-86) 56 (28-78) 57 (37-77)
BMI (mean, range) 29.6 (15.1-73.5) | 30.0 (19.5-73.5) | 32.0 (19.5-73.5)
Preexisting diabetes (N, %) 46 (11%) 13 (11%) 5 (12%)
Preexisting hypertension (N, %) 154 (37%) 52 (43%) 28 (65%)

All analyzed subjects are genetic European and female.

4.4.2 Association with grade 2+ bevacizumab-induced hypertension

Following quality control procedures, 574,465 SNPs were tested for association with the
cumulative bevacizumab dose to the first occurrence of grade 2+ HTN (Figures 4.3 and 4.4).
No associations met genome-wide statistical significance after adjustment for multiple
testing (P = 8.7 x 10-8). Of the four SNPs with P < 10-> (Table 4.7), rs2018541 had the
strongest association (P=1.6 x 107, HR 2.9, 95% CI 1.9-4.3; Figure 4.5). Individuals
carrying this variant allele developed HTN at a lower cumulative bevacizumab dose, and
the overall incidence of grade 2+ HTN in carriers of the rs2018541 variant allele was

higher than in non-carriers (Figure 4.6).
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Figure 4.3. Quantile-quantile plot of grade 2+ hypertension analysis. Observed and
expected P-value relationships are plotted for the association with grade 2+ hypertension. The
solid line shows the expected distribution assuming no inflation of statistics and the dashed lines
show the 95% confidence intervals for the expected distribution. The genomic inflation factor A
of 1.02 indicates no significant population stratification.
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Figure 4.4. Manhattan plot of grade 2+ hypertension analysis. The distribution of -log1o
transformed unadjusted P-values for the association with cumulative bevacizumab dose at the
first occurrence of grade 2+ hypertension is plotted as a function of the chromosomal location of
all tested SNPs (N = 574,465). No SNPs surpassed the Bonferroni-corrected significance
threshold of P = 8.7 x 10°.
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Table 4.7. Top SNP associations of grade 2+ hypertension analysis

Nearest

SNP HR (95% CI) P' MAF gene Function
rs2018541 2.9 (1.9-4.3) 1.6x 107 0.06 MSH6 upstream
rs711272 1.9 (1.5-2.4) 1.4x10° 0.27 MAP3K7 upstream
rs1145786 1.8 (1.4-2.3) 6.4x10° 0.33 MAP3K7 upstream

rs17679314 2.4 (1.6-3.6) 9.8 x10° 0.09 ASB5 intronic
rs2728041 0.4 (0.2-0.6) 1.1x10° 0.17 CNTN4 intronic
rs6752945 2.4 (1.6-3.6) 1.2x10° 0.08 ;;,_%’Xh intronic
rs12821878 1.9 (1.4-2.5) 1.2x10° 0.25 IGF1 intronic
rs867458 2.1 (1.5-2.9) 1.7x10° 0.13 SP3 downstream
rs10070095 2.5 (1.6-3.8) 2.1x10° 0.05 ODz2 upstream
rs2273816 2.0 (1.5-2.8) 2.1x10° 0.13 KPNAS3 intronic

'"Unadjusted P-value from Cox proportional hazards analysis under an additive
genetic model and adjusted for age, BMI = 25, preexisting hypertension, and
preexisting diabetes.
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Figure 4.5. Associations with grade 2+ hypertension in the rs2018541 genomic region.
Associations with grade 2+ hypertension are shown on a -logoP scale. Circles indicate
genotyped SNPs; squares indicate imputed SNPs. Dot color indicates the strength of linkage
disequilibrium (?) between rs2018541 (purple) and each SNP. Plot was produced using
LocusZoom (http://locuszoom.sph.umich.edu/).

161



1.00 1

0.751

0.50+

Number of rs2018541 variant alleles
0
] =1
J 2
0.00{ #
0 10000 20000 30000 40000
Cumulative bevacizumab dose (mg)

Cumulative incidence
o
N
[6)]

Genotype ’.V’ N,
subjects | events
rs2018541=0 (AA) 366 94
rs2018541=1 (AG) 45 26
rs2018541=2 (GQ) 4 1

Figure 4.6. rs2018541 is associated with increased incidence of grade 2+ hypertension.
The cumulative incidence of grade 2+ hypertension (HTN) as a function of cumulative
bevacizumab dose at the first occurrence of toxicity is plotted for each genotype. The number of
patients and grade 2+ HTN events per genotype are listed below. The variant allele increased
toxicity risk compared with wild-type patients, although there were too few homozygous patients
(N = 4) to draw meaningful conclusions in this group.
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4.4.3 Association with grade 3+ bevacizumab-induced hypertension

The same 574,465 SNPs were tested for association with the cumulative bevacizumab dose
to the first occurrence of grade 3+ HTN (Figures 4.7 and 4.8). No associations met genome-
wide statistical significance after adjustment for multiple testing (P = 8.7 x 10-8). Five SNPs
with P < 10-5 are shown in Table 4.8. The strongest and only association exceeding P < 10-¢
is with rs1981431 (P =2.1x 107, HR 0.3, 95% CI 0.2-0.4; Figure 4.9). The SNP appears to
have a protective effect, with only 1 of 101 individuals with the homozygous variant
genotype developing grade 3+ HTN compared to 22 of 96 subjects with the homozygous

reference genotype (Figure 4.10).
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Figure 4.7. Quantile-quantile plot of grade 3+ hypertension analysis. Observed and
expected P-value relationships are plotted for the association with grade 3+ hypertension. The
solid line shows the expected distribution assuming no inflation of statistics and the dashed lines
show the 95% confidence intervals for the expected distribution. The genomic inflation factor A
of 1.02 indicates no significant population stratification.
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Figure 4.8. Manhattan plot of grade 3+ hypertension analysis. The distribution of -log1o
transformed unadjusted P-values for the association with cumulative bevacizumab dose at the
first occurrence of grade 3+ hypertension is plotted as a function of the chromosomal location of
all tested SNPs (N = 574,465). No SNPs surpassed the Bonferroni-corrected significance

threshold of P=8.7 x 108,

Table 4.8. Top SNP associations of grade 3+ hypertension analysis

SNP HR (95% Cl) P’ MAF N;::;St Function
rs1981431 0.3 (0.2-0.4) 2.1x107 | 0.51 SDC4 intronic
rs13216979 | 3.8 (2.2-6.5) 1.4x10° | 0.08 HS3ST5 upstream
rs752280 3.5 (2.1-6.0) 2.0x10° 0.11 SP3 downstream
rs3920632 2.9 (1.8-4.5) 3.8x10° 0.31 FERMT1 upstream
rs17348756 3.9 (2.2-6.9) 42x10° 0.10 NOTO upstream
rs2542353 3.6 (2.0-6.3) 1.2x10° | 0.09 LHFPL4 upstream
rs946847 2.8 (1.7-4.3) 1.2x10° | 0.17 C9orf25 intronic
rs17058484 | 3.3 (1.9-5.6) 1.6x10° | 0.12 | LOC339298 | upstream
rs10510491 3.7 (2.0-6.6) 2.0x 10° 0.09 EFHB downstream
rs9584088 3.1 (1.8-5.2) 2.1x10° | 0.20 GPC6 upstream

'"Unadjusted P-value from Cox proportional hazards analysis under an additive
genetic model and adjusted for age, BMI = 25, preexisting hypertension, and
preexisting diabetes.
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Figure 4.9. Associations with grade 3+ hypertension in the rs1981431 genomic region.
Associations with grade 3+ hypertension are shown on a -logoP scale. Circles indicate
genotyped SNPs; squares indicate imputed SNPs. Dot color indicates the strength of linkage
disequilibrium (?) between rs1981431 (purple) and each SNP. Plot was produced using
LocusZoom (http://locuszoom.sph.umich.edu/).
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Figure 4.10. rs1981431 is associated with decreased incidence of grade 3+ hypertension.
The cumulative incidence of grade 3+ hypertension (HTN) as a function of cumulative
bevacizumab dose at the first occurrence of toxicity is plotted for each genotype. The number of
patients and grade 3+ HTN events per genotype are listed below. The variant allele decreased
toxicity risk compared with the wild-type allele, with only one toxicity event occurring within 101
homozygous variant patients.
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4.4.4 In silico functional analysis

The top SNP of the grade 2+ HTN analysis, rs2018541, is located 75 kb upstream of MSHé6.
Regulome data available for this genomic region suggests no known function in human
umbilical vein endothelial cells (HUVEC) (Figure 4.11) nor in most cell types assayed by
ENCODE and Roadmap, except for a predicted enhancer state in H1 BMP4 derived
trophoblast cultured cells (Roadmap). Examination of imputed genotypes in strong LD (r2 >
0.8) with rs2018541 identified no potentially functional SNPs associating with grade 2+

HTN.

Other SNPs with P < 10-° associations in the grade 2+ analysis include two SNPs between
CASC6 and MAP3K7 and one intronic SNP in ASB5.1rs711272 and rs1145786 are located
314 and 325 kb, respectively, upstream of MAP3K7 but are not in strong LD with each other
(r? = 0.55). The site at rs711272 is predicted to be conserved (GERP++: 4.1), though neither
SNP is predicted to have regulatory function. The genomic region containing rs17679314
(ASB5) also does not contain any regulatory function in HUVEC, though it is predicted to

have enhancer activity in HSMM cell derived skeletal muscle myotubes (Roadmap).

rs1981431 lies within an intron of SDC4 near the first exon. rs1981431 is located in a
predicted weak enhancer region in HUVEC, characterized primarily by H3K4Me1l and
H3K79me2 histone modifications (Figure 4.12). rs1981431 has also been associated with
differential expression of SDC4, with the A allele associated with increased expression in

the cerebellum and decreased expression in lymphoblastoid cells (Table 4.9).
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Other SNPs with P < 10-5 associations in the grade 3+ analysis include rs13216979 (732 kb
5 of HS3ST5), rs752280 (218 kb 5’ of SP3), rs3920632 (232 kb 5’ of FERMT1), and
rs17348756 (16 kb 5’ of NOTO0).rs13216979 (phyloP: 1.1, phastCons: 1) and rs752280
(GERP++: 2.1) are predicted to be conserved. The rs17348756 minor allele has been
associated with decreased SMYDJ5 expression in tibial nerve (P = 6.5 x 10-10) and
transformed fibroblasts (P = 9.9 x 10-9)41. However, regulatory elements are absent from all
the genomic regions containing these SNPs in all cell types assayed by ENCODE and

Roadmap.

Examination of imputed genotypes of potentially functional SNPs in SD(C4 identified
rs2741454 associating with grade 3+ HTN (P=1.2x 107, HR 0.2, 95% CI 0.1-0.4).
rs2741454 is in strong LD with rs1981431 (r2 = 0.93) and is located in an intronic region
predicted to be a strong enhancer (Figure 4.12). The SNP maps to a DNase hypersensitive

site and is predicted to be conserved (GERP++: 2.2) and deleterious (CADD: 14.1).
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Figure 4.11. rs2018541 is in a genomic region 5’ upstream of MSH6 lacking predicted
regulatory function. Tracks (top to bottom): UCSC Genes, HUVEC 200 bp paired read RNA-
seq Signal Rep 1 from ENCODE/Caltech, HUVEC Histone Modifications by ChIP-seq Signal
from ENCODE/Broad (H3K4me1, H3K4me2, H3K4me3, H3K9ac, H3K27ac, H3K36me3,
H3K79me2, H2A.Z, Pol2, CTCF), HUVEC DNasel Hypersensitivity Uniform Peaks from
ENCODE/Analysis, CpG Islands, and HUVEC Chromatin State Segmentation by HMM from
ENCODE/Broad.
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Figure 4.12. rs1981431 and rs2741454 are in a predicted enhancer region within an intron
of SDC4. Tracks (top to bottom): UCSC Genes, HUVEC 200 bp paired read RNA-seq Signal
Rep 1 from ENCODE/Caltech, HUVEC Histone Modifications by ChlP-seq Signal from
ENCODE/Broad (H3K4me1, H3K4me2, H3K4me3, H3K9ac, H3K27ac, H3K36me3, H3K79me2,
H2A.Z, Pol2, CTCF), HUVEC DNasel Hypersensitivity Uniform Peaks from ENCODE/Analysis,
CpG Islands, and HUVEC Chromatin State Segmentation by HMM from ENCODE/Broad.
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Table 4.9. rs1981431 eQTL associations with SDC4 expression

Tissue/Cell P Beta' Study
Brain — Cerebellum 3.9x 107 0.33 GTEx Vep*
Artery — Aorta 0.0052 -0.14 GTEx Vép*
Artery — Tibial 0.067 -0.07 GTEx Vép*’
Lymphoblastoid cells 2.7x10™ -0.34 1000 Genomes™*
Lymphoblastoid cells 7.6x 107 -0.11 MuTHER*®

'Beta directions were adjusted to be consistent with rs1981431-A as the effect allele.

4.4.5 Replication analysis of top SNP associations

SNPs with associations of P < 10-> in both the grade 2+ HTN and grade 3+ HTN analyses
were tested for replication in bevacizumab-treated patients from CALGB 80405 and CALGB
90401. Associations with grade 3+ HTN were also looked up in ECOG-5103 GWAS results.
rs17679314 (ASB5) associated with early grade 2+ HTN (P = 0.01, OR 2.1, 95% CI 1.2-3.7)
in CALGB 80405. The risk allele was observed in 19 (27%) of 70 cases (17 heterozygous, 2
homozygous) compared to 63 (16%) of 393 controls (all heterozygous). rs17348756
(NOTO) associated with grade 3+ HTN at a nominally significant level in ECOG-5103, but

with an opposite direction of effect (HR 0.7). No other associations replicated in any cohort

(Tables 4.10-4.12, Figures 4.13 and 4.14).
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Table 4.10. Replication analysis of top SNP associations in CALGB 80405

Phenotype' SNP OR (95% ClI) P
rs2018541 (MSH6) | 0.4 (0.1-1.0) | 0.07
Early grade | 711272 (MAP3K?) | 1.4(1.0-2.0) | 0.08
2+ HTN | (51145786 (MAP3K7) | 1.2(0.8-1.7) | 0.40
rs17679314 (ASB5) | 2.1 (1.2-3.7) | 0.01
rs1981431 (SDC4) | 1.1 (0.6-2.0) | 0.77
rs13216979 (HS3ST5) | 0.7 (0.1-2.5) | 0.66

Ezrjryg;?\lde rs752280 (SP3) 0.7 (0.2-1.8) | 0.51
rs3920632 (FERMT1) | 0.8 (0.4-1.5) | 0.49

rs17348756 (NOTO) | 0.9 (0.2-2.4) | 0.82

'Early HTN: HTN occurring within the first three treatment cycles
(cumulative bevacizumab dose: 60 mg/kg).
®Unadjusted P-value from logistic regression under an additive
genetic model and adjusted for preexisting HTN.

Table 4.11. Replication analysis of top SNP associations in CALGB 90401

Phenotype SNP HR (95% ClI) P
rs2018541 (MSH6) | 0.9 (0.4-1.8) | 0.76
Grade 24 | rs711272 (MAP3K7) | 1.1(0.7-1.6) | 0.67
HTN rs1145786 (MAP3K7) | 1.2(0.9-1.8) | 0.24
rs17679314 (ASB5) | 1.2(0.7-2.1) | 0.38

rs1981431 (SDC4) | 0.7 (0.4-1.3) | 0.31
rs13216979 (HS3ST5) | 1.4 (0.6-3.6) | 0.45
Gra‘jﬁ\f” (s752280 (SP3) 0.7 (0.3-1.7) | 0.40
rs3920632 (FERMT1) | 0.8 (0.4-1.4) | 0.40

rs17348756% (NOTO) NA NA

'"Unadjusted P-value from Cox proportional hazards analysis

under an additive genetic model and adjusted for age, BMI = 25,
and preexisting diabetes.
2No proxy SNP available.
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Table 4.12. Lookup of top SNP associations with grade 3+ hypertension in ECOG-5103

SNP HR P'
rs2018541 (MSH6) 0.9 0.77
rs711272 (MAP3K?) 1.1 0.62
rs1145786 (MAP3K?) 1.0 0.88
rs17679314 (ASB5) 0.8 0.38
rs1981431 (SDC4) 1.0 0.67
rs13216979 (HS3ST5) 1.1 0.51
rs752280 (SP3) 1.0 0.88
rs3920632 (FERMT1) 1.1 0.57
rs17348756 (NOTO) 0.7 0.04

'"Unadjusted P-value from Cox proportional hazards
analysis under an additive genetic model and adjusted
for age > 50, BMI > 30.
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Figure 4.13. Frequency of early bevacizumab-induced hypertension in CALGB 80405
replication subjects stratified by carrier status of top discovery SNPs. Early grade 2+
hypertension (HTN) frequencies in carriers versus non-carriers of A) rs2018541 (MSH6) and B)
rs17679314 (ASB5). C) Early grade 3+ HTN frequencies in carriers versus non-carriers of
rs1981431 (SDC4). Fractions represent the number of HTN cases over the total number of
subjects for each carrier status. Only the rs17679314 association met statistical significance (P
=0.01).

175



>

1.001 Number of rs2018541 variant alleles
0
—t=1
o 2
2 0.751
(]
)
(&)
£
02) 0.501
el
T
£
3 0.251
o | N o —
" _....-—'-J—'—'—"-M
0.00{ =
0 10 20 30 40

Cycles of bevacizumab treatment

1.001 Number of rs1981431 variant alleles
0
|
3 2
2 0.751
(]
S
(&)
£
@ 0.50"
=
el
T
g
5 0.251
(&)
I
0.00{
0 10 20 30 40

Cycles of bevacizumab treatment

Figure 4.14. Cumulative incidence of bevacizumab-induced hypertension in CALGB
90401 replication subjects stratified by genotypes of top discovery SNPs. The cumulative
incidence of A) grade 2+ hypertension (HTN) for rs2018541 (MSH6) and B) grade 3+ HTN for
rs1981431 (SDC4) is plotted as a function of cumulative bevacizumab dose at the first
occurrence of toxicity. A prescribed dose of 15 mg/kg bevacizumab was given each treatment
cycle. Neither of these associations met statistical significance.
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4.4.6 Analysis of previously reported SNP associations

Previously identified SNPs from published candidate gene and genome-wide association
studies of bevacizumab-induced HTN (Table 4.13) were tested for associations with grade
2+ and grade 3+ HTN in CALGB 40502 (Tables 4.14 and 4.15). Only rs833069 (VEGFA), a
proxy for rs2010963 (r? = 0.97), replicated at a nominally significant level (P = 0.04, HR 0.6,

95% CI 0.4-1.0) for association with grade 3+ HTN.
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CALGB 40502

Table 4.14. Associations of previously reported SNPs with grade 2+ hypertension in

SNP Proxy SNP HR (95% Cl) P'

rs699947 (A/C) rs833070 (#=1.00) | 1.1(0.9-1.4) | 0.37

rs833061 (C/T) rs833070 (A=0.97) | 1.1(0.9-1.4) | 0.24
rs2010963 (G/C) | rs833069 (#=0.97) | 0.9 (0.7-1.1) | 0.56
rs3025039 (T/C) 1.1 (0.8-1.6) | 0.78
rs2305949 (C/T) | rs2305948 (D'=0.98) | 0.9 (0.6-1.4) | 0.89
rs1870377 (T/A) 1.0 (0.7-1.3) | 0.88
rs1680695 (T/G) | rs1384372 (#=0.93) | 1.0 (0.8-1.3) | 0.70
rs4444903 (A/G) 0.9 (0.7-1.2) | 0.83
rs11064560 (T/G) 1.0 (0.7-1.3) | 0.37
rs6453204 (A/G) 0.9 (0.6-1.4) | 0.65

'"Unadjusted P-value from Cox proportional hazards analysis under an
additive genetic model and adjusted for age, BMI = 25, preexisting
hypertension, and preexisting diabetes.

Table 4.15. Associations of previously reported SNPs with grade 3+ hypertension in

CALGB 40502

SNP Proxy SNP HR (95% ClI) P
rs699947 (A/C) rs833070 (#=1.00) | 1.2(0.8-1.9) | 0.35
rs833061 (C/T) rs833070 (7 = 0.97) 2(0.8-1.9) | 0.35

rs2010963 (G/C) | rs833069 (= 0.97) 6 (0.4-1.0) | 0.04
rs3025039 (T/C) 1.3(0.7-2.4) | 0.38
rs2305949 (C/T) | rs2305948 (D'=0.98) | 1.1 (0.6-2.1) | 0.74
rs1870377 (T/A) 1.2 (0.7-2.0) | 0.46
rs1680695 (T/G) | rs1384372 (#=0.93) | 1.1 (0.7-1.8) | 0.53
rs4444903 (A/G) 8 (0.5-1.2) | 0.25
rs11064560 (T/G) 2(0.8-2.0) | 0.43
rs6453204 (A/G) 0.6 (0.3-1.2) | 0.12

'"Unadjusted P-value from Cox proportional hazards analysis under an
additive genetic model and adjusted for age, BMI = 25, preexisting
hypertension, and preexisting diabetes.
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Although the original SV2C SNP (rs6453204) from the Schneider et al GWAS in ECOG-5103
did not associate with HTN in CALGB 40502 using either a cumulative dose or binary
model, four other SNPs in SV2C, including a missense variant, ranked within the top 100
associations of the primary genome-wide analysis of grade 3+ HTN in CALGB 40502 (Table

4.16).

Table 4.16. Top SV2C SNP associations with grade 3+ hypertension in CALGB 40502

SNP HR (95% CI) P MAF Gene Function
rs2937748 3.1 (1.8-5.4) 43x10° 0.07 SvacC intronic
rs2937746 | 3.1(1.8-5.4) | 8.5x10° | 0.07 Svac intronic
rs2358712 3.0 (1.7-5.2) 1.2x10* 0.07 Svac intronic

rs31244 3.0 (1.7-5.2) 1.2x10* | 0.07 Svac missense

'Unadjusted P-value from Cox proportional hazards analysis under an additive
genetic model and adjusted for age, BMI = 25, preexisting hypertension, and
preexisting diabetes.

4.5 Discussion

The present study used a genome-wide analysis to discover common variants that may be
predictive of bevacizumab-induced HTN. Although no genetic associations reached
statistical significance following correction for multiple testing, several top loci are in
genomic regions of biological interest and at least two top SNPs may have regulatory

function.

The strongest grade 2+ HTN association is with a locus upstream of MSH6. MSH6 encodes
mutS homolog 6, a member of the DNA mismatch repair MutS family. Mutations in this gene

have been primarily associated with Lynch syndrome#4, colorectal cancer4>, and
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endometrial cancer4®, Of interest to bevacizumab treatment, one study observed
significantly higher median serum VEGF concentrations in colorectal cancer patients with
microsatellite unstable tumors (lacking protein expression of any of 4 mismatch repair
genes: MLH1, PMS2, MSH2, MSH6) compared to patients with microsatellite stable
tumors?’. Little evidence is available regarding the regulatory function of the associated
SNP, warranting functional studies to examine changes in MSH6 expression and how this

may influence VEGF levels or other mechanisms related to blood pressure regulation.

rs17679314 (ASB5) also associated with grade 2+ HTN. ASB5 encodes a member of the
ankyrin repeat and SOCS box-containing (ASB) family of proteins and has been reported to
play a role in the initiation of arteriogenesis*®. ASB5 is also located near VEGFC, which
encodes another VEGFR2-binding ligand, though no eQTL associations between

rs17679314 (or its proxies) and VEGFC expression have been reported.

The strongest association with grade 3+ HTN was with rs1981431, an intronic SNP in SDC4.
The hazards ratio of this association indicates a protective effect against bevacizumab-
induced HTN. In silico analyses suggest that this SNP is located in an enhancer region in
endothelial cells, and eQTL analyses have found rs1981431 to be associated with
differential expression of SDC4 in various tissues. SDC4 encodes syndecan-4, a ubiquitous
cell surface heparan sulfate proteoglycan*®. Heparan sulfate proteoglycans act as
transactivating co-receptors of VEGFRZ2, leading to prolonged and enhanced VEGF
signaling®?. A lack of syndecan-4 has been reported to affect VEGFR2 phosphorylation>.

Upon stimulation with pro-angiogenic factors like VEGF, syndecan-4 expression is
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upregulated on endothelial cells>1>2. SDC4 expression has been shown to increase VEGF-
induced NO release>3, consistent with the observation of decreased eNOS phosphorylation

in endothelial cells of SDC4-/- mice>4.

Syndecan-4 has also been examined for its association with direct changes in blood
pressure. SDC4 variant rs1981429 (242 bp downstream of rs1981431; r2 = 0.99) has been
associated with essential HTN in a Finnish cohort®>. SDC4-/- mice were shown to have
increased arterial blood pressure>4; however, in a different study, SDC4-/- mice exhibited
lower systolic blood pressure following lipopolysaccharide injection®¢. Although the high
population MAF of rs1981431 suggests that it is unlikely to have a truly large effect on
blood pressure, it may perhaps influence VEGF signaling only upon bevacizumab exposure.
Further studies are required to determine the role of SDC4 in the development of

bevacizumab-induced HTN.

rs17348756 (NOTO), which also associated with grade 3+ HTN, has reported eQTL
associations with decreased expression of SMYD5, a member of the Smyd family of
methyltransferases. Human Smyd proteins have been implicated in diverse biological
functions; Smyd2 mediates Hsp90 methylation>” and Smyd3 catalyzes VEGFR1
methylation®8. Smyd5 has been shown to regulate inflammatory response genes®® and

hematopoiesis®® in animal models but its function in humans remains largely unknown.

rs17679314 (ASB5), which associated with cumulative bevacizumab dose at the first

occurrence of grade 2+ HTN in CALGB 40502, also associated with development of early
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grade 2+ HTN in CALGB 80405. No other associations replicated in any of the replication
cohorts. This could be attributed to differences in clinical trial design and dosing,
demographic, clinical, and phenotypic differences between study populations, or the
possibility of false positive findings. The sample size of CALGB 90401 had 63% and 91%
power to detect associations at a nominal significance level of 0.05 for the strongest

SNP associations from the grade 2+ and grade 3+ analyses, respectively, assuming similar
effect sizes and directions as in the discovery phase®!. Using toxicity information from only
the first three treatment cycles, CALGB 80405 had 80% and 92% power, respectively, to

detect associations of similar effects as in CALGB 40502 (G*Power 362).

Previously described associations in the published literature did not replicate in CALGB
40502, though a proxy SNP of rs2010963 nominally associated with grade 3+ HTN. This 5’-
UTR variant of VEGFA has been previously associated with risk of grade 3+ or all-grade
HTN, though with discordant effect directions®>9. The association in CALGB 40502 agrees
with Schneider et al and Gampenrieder et al, with the minor allele associating with
decreased risk of HTN. Furthermore, the previous Schneider et al GWAS of bevacizumab-
induced HTN in ECOG-5103 identified an intronic SNP (rs6453204) in SV2C associated with
systolic blood pressure > 160 mmHg in the discovery cohort and with grade 3-4 HTN in the
replication cohort!l. Four SV2C SNPs, including a missense variant, ranked in the top 100
associations in the CALGB 40502 grade 3+ HTN analysis. Although none of these variants
are in LD with rs6453204, nor is there evidence of association between SV2C and HTN in
the CALGB 80405 or CALGB 90401 cohorts, this finding contributes additional support of

the potential role of SV2C in the development of bevacizumab-induced HTN. SV2C encodes
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a synaptic vesicle glycoprotein, and Schneider et al postulate that the protein may influence
blood pressure through the release of catecholamines from adrenal chromaffin cells and

production of aldosterone through adrenocortical connections with the adrenal medulla.

Limitations of this study are similar to those of the exome sequencing study described in
Chapter 2. Despite rigorous curation, the HTN phenotype may be confounded by other
factors, especially preexisting HTN, which was significantly correlated with the
development of grade 3+ on-treatment HTN (P = 2 x 10-4, HR 3.3). The size of the analyzed
cohort is underpowered for detecting genome-wide associations, with only 0.4% power to
detect the strongest observed SNP association from the grade 2+ analysis and 7% power to
detect the strongest observed association from the grade 3+ analysis at Bonferroni-
adjusted significance levels®l. Assuming the same toxicity incidence rate, a sample size 2 to
4 times larger would be needed to achieve at least 80% statistical power. Replication is
needed in additional cohorts to extend these current findings, and functional studies are
also required to assess whether the identified SNPs and genes affect blood pressure

regulation.

4.6 Conclusions

This genome-wide association study identified SNPs in or near novel genes (MSH6, SD(4,
ASB5, SMYD5) that potentially modify the risk of developing bevacizumab-induced HTN.
Additional validation studies are warranted to determine the role of these genes and
variants in the pathogenesis of the toxicity. These findings will contribute to a better

understanding of the genetic architecture and mechanism of bevacizumab-induced HTN.
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Chapter 5: Conclusions and Perspectives

5.1 Summary

Bevacizumab is commonly used in combination with chemotherapy to treat numerous
types of solid tumors!. The monoclonal antibody targets vascular endothelial growth factor
A (VEGF) and downregulates angiogenic effects mediated by VEGF receptor 2
(VEGFR2/KDR) signaling?. A common dose-limiting toxicity of bevacizumab treatment is
the development of hypertension (HTN)34, which can lead to serious cardiovascular
complications and organ damage. Interindividual variation in the time to onset and severity
of HTN may be due in part to genetic factors. A number of prior studies have identified
significant associations between incidence rates of HTN during bevacizumab treatment and
common SNPs in VEGFA, KDR, and SV2(>19, but these findings are inconsistent and still
require validation. To identify novel mechanisms contributing to bevacizumab-induced
HTN, the research in this dissertation explored additional genetic variation in non-VEGF
pathways and of rare variants with potentially large phenotypic effects. In silico and in vitro
functional analyses were performed to examine the potential roles of the identified genes

and variants in the mechanism of bevacizumab-induced HTN.

A discovery-based sequencing analysis of whole exomes and candidate gene regulatory
regions was performed to identify genomic regions associated with severe, early-onset
bevacizumab-induced HTN in colorectal cancer patients (CALGB 80405) with extreme
toxicity phenotypes (Chapter 2). This is the first study we know of to date using sequencing

to examine bevacizumab-induced HTN. SNP-based and gene-based association methods
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were used to analyze common variants, rare and low frequency variants, or variants of all
frequencies. A targeted candidate gene analysis identified an intergenic region between
SLC29A1 and HSP90ARB1 containing four top SNPs in the association analysis, one of which
replicated in two independent patient cohorts. Based on publicly available bioinformatic
data, these SNP regions are enriched for regulatory elements that may potentially increase
SLC29A1 expression; these predictions still need to be functionally validated. Additional
exploratory analyses were conducted to examine exome-wide associations within variants
filtered by different functional criteria, but these analyses did not yield significant or

biologically interesting results.

The evidence that SNPs near SLC29A1 could alter SLC29A1 expression led to the hypothesis
that variation in SLC29A1 expression contributes to interindividual variability in
bevacizumab-induced HTN. SLC29A1 encodes endothelial nucleoside transporter 1 (ENT1),
which regulates extracellular adenosine levels and therefore adenosine signaling!!. Both
adenosine and VEGF signaling induce activation of endothelial nitric oxide synthase
(eNOS)12-14, which produces nitric oxide (NO). NO functions as a vasodilator and reduced

levels of NO have been implicated in HTN resulting from VEGF inhibition5.

To better understand how changes in adenosine and VEGF signaling may contribute to
bevacizumab-induced HTN, the effects of ENT1 and bevacizumab on vasodilatory signaling
pathways were examined in human umbilical vein endothelial cells (HUVEC) (Chapter 3).
Bevacizumab had no direct effect on adenosine receptor activity, as indicated by the

insensitivity of cAMP generation to bevacizumab treatment. Pharmacological inhibition of
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ENT1 in HUVEC increased adenosine receptor signaling and NO synthesis. Overexpression
of SLC29A1 disrupted adenosine signaling and resulted in decreased NO levels that were
further reduced upon exposure to bevacizumab, with enhanced sensitivity under
conditions of elevated SLC29A1 expression. Preliminary data suggest that the effects of
ENT1 inhibition and SLC29A1 overexpression on levels of prostacyclin (PGI2), another
vasodilatory molecule, follow the same trends as NO levels. However, while NO is
generated as a result of both adenosine and VEGF signaling, PGI; synthesis appears to be
driven primarily by VEGF signaling and is less affected by changes in adenosine. We have
proposed a mechanism based on these early results suggesting that due to the synergistic
effects of decreased adenosine signaling and decreased VEGF signaling on vasodilatory
molecule production, increased basal expression of ENT1 may sensitize patients to a rise in
blood pressure during bevacizumab exposure. Additional functional assessment and in vivo

and clinical studies are needed to further test this hypothesis.

Alongside the sequencing analysis, a genome-wide association study (GWAS) using
genotyping array data was conducted in a larger, independent cohort of bevacizumab-
treated breast cancer patients (CALGB 40502, Chapter 4). While the sequencing analysis
used a binary outcome of extreme toxicity phenotypes, the GWAS used a time-to-event
outcome that accounted for cumulative bevacizumab dose and study discontinuation for
non-HTN causes. Associations of the cumulative dose at first occurrence of either grade 2+
HTN or grade 3+ HTN were tested. The top associations of these respective analyses were
SNPs near or within MSH6 and SDC4, both of which have been previously implicated in the

regulation of VEGF. Other top associations of potential biological interest include a SNP in
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ASB5 and a SNP associated with SMYD5 expression. SDC4 (syndecan-4) is of especially
great interest, as it has been shown to increase VEGF-induced eNOS activity and NO
releasel®17, A proxy SNP of this SDC4 variant has been associated with the development of
primary HTN18, Additional studies are required to determine the specific role that these

genes play in the pathogenesis of bevacizumab-induced HTN.

Cross-study comparison of the top SNPs of the sequencing and GWAS studies yielded few
replicated associations at a statistically significant level. Top associations were also
examined in additional bevacizumab-treated cohorts (CALGB 90401, ECOG-5103) if
genotype data was available. From the sequencing study, rs9381299 (SLC29A1-HSP90ARBI)
associated with early grade 3+ HTN in CALGB 40502 and with SBP > 180 in ECOG-5103.
From the GWAS, rs17679314 (ASB5) associated with early grade 2+ HTN in CALGB 80405.
Limited statistical power (in both discovery and replication cohorts), the possibility of false
positive findings, differences in trial design and bevacizumab dosing, and clinical
differences between study populations (colorectal vs. breast vs. prostate) may explain why
most associations failed to replicate. CALGB 40502 and ECOG-5103 were comprised of all
women while CALGB 90401 enrolled only men; sex differences could have also influenced
our findings, although sex did not associate with toxicity incidence in CALGB 80405 (the
only study including both males and females). Especially because no associations in any of
our discovery analyses achieved genome-wide significance, replication is needed in
additional cohorts to extend these current findings. Aggregate effects and interactions of
our novel risk variants and previously described risk variants on bevacizumab-induced

HTN should also be examined in larger populations. A meta-analysis across multiple
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studies is likely needed to overcome sample size limitations inherent in most clinical study

populations.

5.2 Challenges and future directions

One challenge of the genetic studies presented in this dissertation lies in the difficulty of
identifying true drug-induced HTN. Preexisting HTN was significantly correlated with on-
treatment HTN in both the CALGB 80405 exome sequencing cohort and in CALGB 40502.
This association is possibly confounding, and genetic models in both studies were adjusted
for preexisting HTN to minimize this effect. However, this association has been previously
reported!?-21 and may possibly be informative. In CALGB 80405, hypertensive patients
were required to be normotensive upon study initiation, and even while on
antihypertensive medications many still developed the toxicity. Similarly in CALGB 40502,
some patients who developed grade 2+ HTN and would presumably be prescribed
antihypertensive medications later worsened to grade 3+ HTN. This suggests that some
patients may be genetically predisposed to an especially sensitive response to
bevacizumab, such that even pharmacologically controlled HTN is further exacerbated
upon bevacizumab treatment. Although the present studies had limited data and too few
subjects to test this hypothesis, a future study stratifying by the class of antihypertensive

medication could elucidate a more specific mechanism of the toxicity.

Our functional evidence for the potential involvement of the SLC29A1-encoded nucleoside
transporter in bevacizumab-induced HTN suggests that variation in other parts of the

adenosine signaling pathway may have similar effects on the toxicity. Other equilibrative
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(ENT2, ENT3, ENT4) and concentrative (CNT1, CNT2, CNT3) nucleoside transporters also
mediate adenosine transport across cell membranes?22. Extracellular adenosine
concentrations are further regulated by CD39 (ENTPD1) and CD73 (NT5E)
ectonucleotidases, which sequentially hydrolyze ATP to adenosine, adenosine kinase
(ADK), which phosphorylates adenosine to AMP, and adenosine deaminase (ADA), which
degrades adenosine to inosine?3. Adenosine also signals through four receptor subtypes, A1
(ADORA1), A2a (ADORAZ2A), A2 (ADORAZB), and Az (ADORA3), which exert varying effects
across multiple tissues, though endothelial cells predominantly express only the A>
receptors24. None of these genes or variants in these genes strongly associated with
bevacizumab-induced HTN in our studies, but adenosine signaling pathway genes and their

regulatory regions should be examined in future studies of this toxicity.

Altered adenosine signaling and nucleoside transport should also be further investigated at
a functional level. Changes in ENT1 expression have been previously reported to directly
affect adenosine deaminase and A2 receptor expression2?, and NO has been shown to
reduce SLC29A1 promoter expression2é. Decreased SLC29A1 expression and ENT1
transport activity have been previously described during preeclampsia, which is
characterized by high blood pressure?7.28, and gestational diabetes, which is associated
with endothelial dysfunction?62°. Such changes are accompanied by observations of
increased adenosine concentrations, increased CD39 and CD73 activity??, reduced Aza
receptor expression and enhanced A2g receptor signaling?839, and upregulation of soluble
VEGFR1 (sFlIt-1)3132, which binds to VEGF as bevacizumab does. Expression and activity of

these proteins and of other nucleoside transporters, as well as nucleoside transporter
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recycling33, should be considered in future functional studies of bevacizumab, as multiple
aberrations of the adenosine signaling pathway could result in a more sensitive response.
Similar changes in sensitivity to bevacizumab treatment could also occur as a result of
epigenetic regulation of these genes. Changes in adenosine transport rates, receptor
binding affinities, or enzyme kinetics modulated by genetic effects or drug interactions

should also be considered during functional studies of bevacizumab treatment.

We briefly considered the direct relationship between adenosine and VEGF. Hypoxia
upregulates adenosine-induced VEGF release from HUVEC via enhanced Azg receptor
signaling34 and also downregulates ENT1 expression and activity3>, similar to the changes
observed during preeclampsia and gestational diabetes. Adenosine-induced VEGF
expression was not observed during normoxic conditions in HUVEC34, so hypoxic
conditions may be necessary to test the effects between SLC29A1 variation and VEGF
inhibition on VEGF expression in endothelial cells. However, there is limited evidence that
under normoxia, adenosine still plays a role in maintaining basal levels of VEGF through
various muscle cell types3¢. In a cohort of bevacizumab-treated pancreatic patients (CALGB
8030337), two intronic SLC29A1 SNPs trended with changes in basal levels of VEGF, though
these results were not significant. Measurements of both adenosine and VEGF levels in
patients who develop bevacizumab-induced HTN would be greatly informative in
determining whether modulation of adenosine signaling and the interaction of adenosine

and VEGF are truly involved in this toxicity.
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Our findings may have implications for combination therapy of bevacizumab with other
drugs. Although there was stronger evidence supporting the association of the identified
SLC29A1-HSP90AB1 SNPs with SLC29A1 than with HSP90AB1, Hsp90 also regulates eNOS
activity38. Therefore, Hsp90 inhibitors for cancer treatment could have great inhibitory
effects on NO signaling if used with VEGF inhibitors or adenosine receptor antagonists. The
relationship between adenosine and VEGF signaling may also be relevant to cancer
immunotherapies. Adenosine, in addition to promoting angiogenesis, is known to
accumulate in the tumor microenvironment and create an immune-suppressed niche that
favors tumor growth?3. Mechanisms contributing to this include inhibition of cytokine
production, deregulation of immune cell proliferation and differentiation, and suppression
of T-cell activity?3. A, receptors are expressed on nearly all immune cells3?, and use of
adenosine receptor antagonists, which would mimic the effects of increased ENT1
expression, have been proposed to improve response to immunotherapies3?:40,
Coadministration of VEGF inhibitors with Hsp90 inhibitors or adenosine receptor
antagonists might be expected to increase the risk of therapy-induced HTN, and the study

of such drug interactions may be informative in further elucidating these mechanisms.

5.3 Conclusions

This dissertation describes novel genetic loci that potentially modify the risk of developing
bevacizumab-induced HTN. These findings will advance understanding of the genetic
architecture of bevacizumab-induced HTN and may be extended to the study of HTN

resulting from treatment with other angiogenesis inhibitors as well as other possible
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causes of HTN. Our functional studies provide evidence for the involvement of adenosine

signaling in the pathophysiological mechanism of bevacizumab-induced HTN.

These new biological insights may support the development of improved and novel
strategies to treat bevacizumab-induced HTN and aid in the selection of appropriate
treatment for cancer patients. Since bevacizumab treatment is held or discontinued upon
development of HTN, it is clinically important to manage complications to prolong effective
therapy. Frequent monitoring of blood pressure and prophylactic antihypertensive
patients in sub-populations of patients at risk for bevacizumab toxicity may help prevent
adverse events. Blood pressure elevation itself has been previously proposed as a
biomarker for VEGF inhibitor efficacy; if true, this group may be at a therapeutic benefit if

their HTN can be well controlled.

This research also highlights challenges that are frequently encountered in genetic studies
of adverse drug reactions. Larger and more well-powered studies are crucial for the
discovery and replication of genetic associations, but obtaining adequate numbers of cases
is particularly difficult in pharmacogenomics, as serious adverse drug reactions are
typically rare and can only be detected within a drug-treated disease population. Available
study populations are further limited by a lack of well-curated drug response phenotype
data. Improved adverse event tracking, standardized phenotype description, and more
efficient mechanisms for data sharing and biobank access will increase sample sizes for
such studies. Functional validation is also necessary for understanding the consequences of

genetic variation but is still challenging, particularly for the study of noncoding variants.
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Advancement of gene editing technologies and large-scale efforts to characterize regulatory
elements of the genome, including recent expansion of the ENCODE Project, will greatly

help in interpreting targets identified from high-throughput genomics studies.

In summary, the results presented in this dissertation provide novel targets that require
additional study using genetic and pharmacological approaches. Further research on the
risk factors and mechanisms of bevacizumab-induced HTN are necessary to minimize the

number of patients impacted by this dose-limiting toxicity.
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